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ABSTRACT 
 
Dynamic covalent bonds (DCBs) featuring reversible bonding/debonding properties have found 
various applications in dynamic materials designs such as self-healing, malleable, shape-memory 
or environmentally-adaptive materials. However, most DCBs developed so far require either 
catalyst or harsh environments to facilitate bond reversion and involve special building blocks for 
synthesis. Here we seek to develop a novel platform for dynamic materials design using a new 
type of DCB – hindered urea bond (HUB). Differing from normal urea bond, HUB bears bulky 
substituents on one of the nitrogen atom, which distorts the atomic co-planarity, weakens the 
bonding stability, and allows reversible dissociation of HUB to isocyanate and hindered amine. 
The dynamic properties of HUB enables the design of self-healing polymeric elastomers/malleable 
thermosets through bond exchange and hydrolyzable polymers through quenching of dissociative 
intermediate – isocyanate. HUB shows many advantages in dynamic materials designs compared 
with other DCB systems in terms of simplicity, dynamicity, tunability and cost. 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Scope and organization 
Dynamic covalent bonds (DCBs) featuring reversible bonding/debonding properties1 have found 
various applications in dynamic combinational library2,3, self-assembly4,5, and dynamic polymers 
design such as self-healing, malleable, shape-memory or environmentally-adaptive materials6-8. 
However, most DCBs developed so far require either catalyst or harsh environmental conditions 
to facilitate bond reversion and dynamic property change in bulk materials. Furthermore, these 
chemistries usually involve special building blocks, which are uncommonly seen and costly to 
make in industry. 
Urea bond features facile synthesis by fast addition reaction between isocyanate and amine. 
Polyurea is a type of widely used industrial materials that can be easily made in short time and 
large scale. Urea is usually very robust covalent bond. My PhD project started from an unexpected 
experimental result showing that urea bond can also become dynamic. By adding bulky 
substituents to nitrogen atom, the steric hindrance induced bond-distortion will weaken the 
conjugation effect of π electrons and the stability of urea bond9. The resulting hindered urea bond 
(HUB) has both fast association and dissociation reaction (Scheme 1.1)10,11.  
My PhD thesis mainly focuses on the study of HUB chemistry, including the mechanism and 
control of HUB dynamic properties, design and synthesis of polymers bearing HUB, and 
applications of dynamic polyurea materials. The organization of my thesis is briefly described as 
below. Chapter 1 will introduce the background information of dynamic covalent bond (DCB); 
Chapter 2 sets the foundation of HUB chemistry, which discusses the reversible behavior of HUB 
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in small molecules/polymers, and the application in the self-healing cross-linked elastomers. 
Chapter 3 focuses on the design of hard malleable thermoset with the reversible nature of HUB. 
Chapter 4 discusses another aspect of HUB --- water degradability, which include the hydrolysis 
behaviors of HUB in small molecules, linear and cross-linked polymers. 
 
Scheme 1.1 Dynamicity of hindered urea bond (HUB) induced by steric hindrance induced bond 
rotation 
 
1.2 Background 
1.2.1 Dynamic covalent bonds and their applications 
 
Differing from strong, irreversible covalent bonds, reversible non-covalent interactions or dynamic 
covalent bonds (DCB) exhibit interesting dynamic properties1,12,13. For molecules or materials 
design, non-covalent interactions are relatively weak and lack directionality with only a few 
exceptions such as quadruple hydrogen bonding14,15, high-valence metal chelation16,17 and host-
guest interaction18,19. DCBs, on the contrary, usually have higher strength and more controllable 
reversibility. Well-known dynamic covalent bonds or structures include hydrazone20, substituted 
cyclohexenes capable of retro-Diels-Alder reaction21 and thiol radical species amenable to radical 
association-dissociation22-24. Many new DCBs have been developed in recent years. For example, 
Hedrick et al. discovered that hemiaminal and hexahydrotriazine can reversibly dissociate into 
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amine and aldehyde25; Prez et al. reported that ene-reaction between triazolinediones and indole is 
dynamic with both high forward and backward reaction rates26.  
      DCBs have found many applications in molecules and materials designs due to their unique 
reversibility. With low energy barrier for bonding/debonding process (see Scheme 1.2), chemical 
systems based on DCBs can easily reach thermodynamically stable state because of the shallow 
kinetic trap1. This property is also named as ‘error checking’. This property is useful in synthesis 
of molecules or polymers with ordered structures. For example, the designs of shape-persistent 
macrocycles usually involve DCBs in the backbone4,5. The reactions starts with a mixture of target 
molecule and other metastable byproducts including oligomers, polymers, or macrocycles of 
different sizes. However, giving enough time allowing dynamic exchange of DCBs to overcome 
the kinetic traps of all metastable states, the most thermodynamically stable macrocycle would be 
produced in high yield. Same idea was also used in the synthesis of ordered 2D27,28or 3D29 covalent 
organic framework (COF) structure. DCBs can also be applied in biological screening techniques. 
Compared with regular library, dynamic combinatorial library based on DCBs were much more 
efficient, in which the building blocks exchange with each other giving exponentially higher 
number of molecules being screened. Additionally, the best hit can be easily identified since it is 
the most thermodynamically stable state and will be the most abundant in the system after ‘error 
checking’ process30,31. 
      The reversible properties of DCBs were also widely applied in the design of dynamic 
polymeric materials. For instance, self-healing materials, emerging functional materials that can 
heal the cut or crack with recovered mechanical strength32, can be achieved through reversible 
exchange of DCBs at the cut or crack interface33-38. Hard cross-linked polymers incorporating 
DCBs in the backbone have been demonstrated to be processable and recyclable26,39-42. Due to the 
4 
 
chain reorganization ability, DCBs based polymers are still programmable after synthesis. For 
example, the permanent shape of shape-memory materials can be reprogrammed43; Photophysical 
properties of polymer can be dynamically tuned44. Also DCBs based polymers can reversibly 
interconvert with small molecular cyclic compounds, through which the solubility, rheological 
properties and mechanical properties can be dynamically altered45,46. 
      Right now, wide applications of DCBs are impeded by several issues. First, most DCBs 
building blocks are structures not commonly seen in industrial raw materials and are costly to 
make. Recently, there has been growing interest in the design of DCBs materials from 
conventional polymers. Along this direction, Guan et al. developed a method to make dynamic 
poly(butadiene) by activating double bonds with the Grubb’s catalyst47. Leibler et al. synthesized 
dynamic polyesters with metal catalysts to accelerate high temperature esterification48. Second, 
most DCBs are only dynamic with external triggers/catalyst or at high temperature. This property 
is sometimes useful, since the dynamicity of DCBs can be turned on and off reversibly by external 
triggers. But in other applications, such as self-healing materials, triggers-free, low-temperature 
DCBs are needed. A few such DCBs have been reported recently. Kowollik et al. reported a new 
type of hetero-Diels-Alder chemistry that can bond/debond under ambient condition37; Otsuka et 
al. developed Diarylbibenzofuranone chemistry that can reversibly dissociate into radicals at room 
temperature34. Third, most DCBs have limited dynamicity tuning space. Although there were a 
few cases reported before49, the tuning window is usually narrow. 
1.2.2 Isocyanate chemistry and reversible urea bond. 
      Isocyanate chemistry is very widely used in industry. Polyurethane and polyurea, massively 
produced polymers, are based on its reaction with hydroxyl or amine group gives. Reversible 
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reaction of isocyanate has long been known. For example, urethane structure from isocyanate and 
phenol is reversible, and can release isocyanate at high temperature (>100 oC). This chemistry is 
called ‘blocked isocyanate’50, which has been used in ‘one-package’ polyurethane formulation. 
However, although blocked isocyanate is reversible, both forward and backward reaction are very 
slow, especially under ambient condition. So it is not of much use as DCBs. Compared with 
alcohol, the amine reaction with isocyanate is much faster, but the resulting urea bond is usually 
very stable and inert.  
      However, we recently found that with the incorporation of bulky substituents on one of the 
nitrogen atom, the hindered urea bond (HUB) can be weakened and become dynamic at low 
temperature (Scheme 1.1)9-11. Interestingly, the reversibility of HUB was discovered from an 
unexpected experimental result (Figure 1.1a). We mixed 2-isocyanatoethyl methacrylate (1) and 
2,2,6,6-Tetramethylpiperidine (2a), a bulky amine containing two tert-butyl equivalent groups to 
prepare the corresponding urea compound 3a. After mixing for 0.5 h, we used TLC to monitor the 
reaction, and found that the original spot for 1 completely disappeared and a new spot was shown 
(compound 2 does not show in TLC under UV light). After purifying with column chromatography, 
the resulting product was dissolved in CDCl3 and characterized by 
1H NMR analysis. Surprisingly, 
1H NMR showed the coexistence of three compounds including product 3a and unreacted 1 and 
2a. After excluding any mistakes from TLC or purification steps, we later found that 1, 2a and 3a 
are in fast dynamic exchange under ambient condition, which make them inseparable in TLC. To 
confirm the dynamic equilibrium of these three compounds, we then prepared mixtures with 
different starting ratio of 1 and 2a, and used 1H NMR to determine the concentrations of each 
species. All mixtures showed similar value of Keq = [3a]/[1][2a] of ~84 M
-1 (Figure 1.1b).  
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For the mechanism of the high reversibility of HUB. The steric hindrance of bulky group is 
believed to disturb the orbital co-planarity of the urea bond, which diminishes the conjugation 
effect and thus weakens the carbonylamine interaction. The resulting HUB has efficient 
dynamicity under mild, catalyst-free conditions with wide availability of raw materials and facile 
dynamic tuning through substituents bulkiness.  It potentially tackles three issues described above 
and shows advantages over most currently used DCBs, which may open up the broad use of DCBs 
in the future. 
 
Scheme 1.2 Lower kinetic trap of dynamic covalent bond (DCB) 
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Figure 1.1 Chemical equilibrium between 1 and 2a. a) Mixture of 1 and 2a gives one single spot 
on TLC but shows as mixture of 1, 2a and 3a in 1H NMR. b) 1H NMR spectra, concentrations and 
calculated binding constants of equilibrated 1 and 2a mixture with different initial concentrations 
at room temperature. 
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CHAPTER 2 
DYNAMIC UREA BOND FOR THE DESIGN OF REVERSIBLE AND 
SELF-HEALING POLYMERS 
 
2.1 Introduction 
Differing from polymers formed with strong, irreversible covalent bonds and stable bulk properties, 
polymers prepared through reversible non-covalent interactions or covalent bonds exhibit 
interesting dynamic properties1-3. The dynamic features of reversible polymers have been 
employed in the design of self-healing, shape-memory and environmentally adaptive materials4-6. 
Non-covalent interactions are relatively weak and lack directionality with only a few exceptions 
such as quadruple hydrogen bonding7,8, high-valence metal chelation9,10 and host-guest 
interaction11,12. Dynamic covalent bonds, on the contrary, usually have higher strength and more 
controllable reversibility. Well-known dynamic covalent bonds or structures include hydrazone13, 
substituted cyclohexenes capable of retro-Diels-Alder reaction14 and thiol radical species 
amenable to radical association-dissociation15-17. These dynamic chemistries have been used in 
preparing polymers with unique properties and functions. For instance, self-healing materials, 
emerging functional materials that can heal the cut or crack with recovered mechanical property18, 
can be achieved not only through the release of the encapsulated or embedded healing 
reagents/catalysts19,20, but also through reversible exchange of non-covalent interaction21-28 or 
dynamic covalent bonding29-34 at the cut or crack interface. Recently, there has been growing 
interest in the design of dynamic covalent chemistry that can be incorporated with conventional 
polymers for self-healing application. Along this direction, Guan et al. developed a method to 
make dynamic poly(butadiene) by activating double bonds with the Grubb’s catalyst35,36. Leibler 
et al. synthesized dynamic polyesters with metal catalysts to accelerate high temperature 
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esterification37,38. A few catalyst-free, low-temperature dynamic covalent chemistries have also 
been reported for the synthesis of reversible polymers32,33.  
 
The amide bond forms the basic structure of numerous biological and commodity polymers (e.g., 
nylon, polypeptide, etc.) and, as such, is one of the most important organic functional groups. It 
has remarkable stability due to conjugation effects between the lone electron pair on the nitrogen 
atom and the π-electrons on the carbonyl p-orbital. Reversing the amide bond (amidolysis) usually 
requires extreme conditions (e.g., highly basic or acidic solutions and/or high temperature) or the 
presence of special reagents (e.g., enzymes)39. Introducing bulky substituents to an amide nitrogen 
atom has been reported to weaken the amide bond which results in amidolysis under mild 
conditions. The addition of a bulky group is believed to disturb the orbital co-planarity of the amide 
bond, which diminishes the conjugation effect and thus weakens the carbonylamine interaction 
(Figure 2.1a)40. However, the dissociated intermediate from amidolysis (ketene), if formed, would 
be too reactive to show dynamic reversible formation of the amide bond. To make carbonyl-amine 
structures reversible, it is required that the dissociated carbonyl structure is stable under ambient 
conditions but still highly reactive with amines. One such functional group that satisfies these 
requirements is isocyanate. Isocyanate is reasonably stable under ambient conditions and can react 
with amines rapidly to form a urea bond, a reaction that has been broadly utilized in the synthesis 
of polyurea and poly(urethane-urea). Similar to the bulky amide bonds described above, urea 
bonds bearing a bulky group on the nitrogen atom can reversibly dissociate into isocyanate and 
amine, the reverse process of typical urea bond formation (Figure 2.1b)41,42.  
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Here we report the design of dynamic hindered urea bonds (HUBs) and their application in the 
design and synthesis of polyureas and poly(urethanes-urea), some of the widely used materials in 
the coating, fibre, adhesive and plastics industries, that are capable of catalyst-free dynamic 
property change and autonomous repairing at low temperature.  
 
2.2 Materials and Methods 
2.2.1 General  
2-Isocyanatoethyl methacrylate was purchased from TCI America (Portland, OR, USA) and used 
as received. Anhydrous dimethylformamide (DMF) was dried by a column packed with 4Å 
molecular sieves. Tetrahydrofuran (THF) was dried by a column packed with alumina. All other 
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received unless 
otherwise specified. NMR spectra were recorded on a Varian U400 (400 MHz), a U500 (500 MHz) 
a VXR-500 (500 MHz), a UI500NB (500 MHz), or a UI600 (600 MHz) spectrometer. Gel 
permeation chromatography (GPC) experiments were performed on a system equipped with an 
isocratic pump (Model 1100, Agilent Technology, Santa Clara, CA, USA), a DAWN HELEOS 
multi-angle laser light scattering detector (MALLS detector, Wyatt Technology, Santa Barbara, 
CA, USA) and an Optilab rEX refractive index detector (Wyatt Technology, Santa Barbara, CA, 
USA). The detection wavelength of HELEOS was set at 658 nm. Separations were performed 
using serially connected size exclusion columns (100 Å, 500 Å, 103 Å and 104 Å Phenogel columns, 
5 µm, 300 × 7.8 mm, Phenomenex, Torrance, CA, USA) at 60 °C using DMF containing 0.1 M 
LiBr as the mobile phase. Creep-recovery experiments were performed on DMA Q800 (TA 
instruments, New Castle, DE, USA). Stress-strain experiments were performed on a custom built 
bi-directional screw driven rail table assembled by IMAC Motion Control Group (Elgin, IL, USA) 
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with translation stage from Lintech (Monrovia, CA, USA), motor from Kollmorgen (Radford, VA, 
USA), load cell from Honeywell Sensotech (Columbus, OH, USA). Glass transition temperatures 
were tested by differential scanning calorimetry (Model 821e, Mettler Toledo, Columbus, OH, 
USA) 
2.2.2 Synthesis of model hindered ureas 3b~3f   
Urea compounds 3b~3f were synthesized by mixing 1 (1.0 mmol) with equal molar 2b~2f (1.0 
mmol) in DCM (5 mL) at room temperature. After 1 h, the crude compound was purified by flash 
column with EtOAc as the eluent. Compounds 3b~3f were obtained quantitatively.  Note: Because 
of the low binding constant, we could not get pure 3a under ambient condition.   
2-(3-(tert-Butyl)-3-isopropylureido)ethyl methacrylate (3b): 1H NMR (500 MHz, CDCl3): δ 
6.11 (dq, J = 1.6, 1.0 Hz, 1H, COC(CH3)=CH2), 5.57 (dq, J = 1.6, 1.6 Hz, 1H, COC(Me)=CH2), 
4.80 (t, J = 5.1 Hz, 1H, NH), 4.26 (t, J = 5.1 Hz, 2H, O-CH2), 3.65 (h, J = 6.9 Hz, 1H, CH(CH3)2), 
3.52 (q, J = 5.1 Hz, 2H, NH-CH2), 1.94 (dd, J = 1.0, 1.6 Hz, 3H, COC(CH3)=CH2), 1.32 (s, 9H, -
C(CH3)3), 1.25 (d, J = 6.9 Hz, 6H, -CH(CH3)2). 
13C NMR (125 MHz, CDCl3): δ 167.4, 160.1, 
136.2, 126.0, 64.2, 56.3, 45.7, 39.5, 29.1, 23.4, 18.5. ESI-MS (low resolution, positive mode): 
calculated for C14H26N2O3, m/z, 271.2 [M + H]
+; found 271.2 [M + H]+. 
2-(3-(tert-Butyl)-3-ethylureido)ethyl methacrylate (3c): 1H NMR (500 MHz, CDCl3): δ 6.11 
(dq, J = 1.6, 0.9 Hz, 1H, COC(CH3)=CH2), 5.58 (dq, J = 1.6, 1.6 Hz, 1H, COC(CH3)=CH2), 4.74 
(t, J = 5.4 Hz, 1H, NH), 4.27 (t, J = 5.4 Hz, 2H, O-CH2), 3.51 (q, J = 5.4 Hz, 2H, NH-CH2), 3.23 
(q, J = 7.1 Hz, 2H, -CH2CH3), 1.94 (dd, J = 0.9, 1.6 Hz, 3H, COC(CH3)=CH2), 1.41 (s, 9H, -
C(CH3)3), 1.15 (t, J = 7.1 Hz, 3H, -CH2CH3). 
13C NMR (125 MHz, CDCl3): δ 167.8, 158.3, 136.3, 
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126.0, 64.4, 56.2, 40.2, 39.2, 29.7, 18.5, 16.6. ESI-MS (low resolution, positive mode): calculated 
for C13H24N2O3, m/z, 257.2 [M + H]
+; found 257.2 [M + H]+. 
2-(3,3-Diisopropylureido)ethyl methacrylate (3d): 1H NMR (500 MHz, CDCl3): δ 6.11 (dq, J = 
1.7, 0.9 Hz, 1H, COC(CH3)=CH2), 5.58 (dq, J = 1.7, 1.7 Hz, 1H, COC(CH3)=CH2), 4.57 (t, J = 
5.3 Hz, 1H, NH), 4.27 (t, J = 5.3 Hz, 2H, O-CH2), 3.89 (h, J = 6.9 Hz, 2H, CH(CH3)2), 3.55 (q, J 
= 5.3 Hz, 2H, N-CH2), 1.94 (dd, J = 0.9, 1.7 Hz, 3H, COC(CH3)=CH2), 1.22 (d, J = 6.9 Hz, 12H, 
CH(CH3)2). 
13C NMR (125 MHz, CDCl3): δ 167.6, 157.1, 136.2, 126.0, 64.4, 45.1, 40.1, 21.5, 
18.5. ESI-MS (low resolution, positive mode): calculated for C13H24N2O3, m/z, 257.2 [M + H]
+; 
found 257.2 [M + H]+. 
2-(3,3-Diethylureido)ethyl methacrylate (3e): 1H NMR (500 MHz, CDCl3): δ 6.09 (dq, J = 1.6, 
0.9 Hz, 1H, COC(CH3)=CH2), 5.56 (dq, J = 1.6, 1.6 Hz, 1H, COC(CH3)=CH2), 4.74 (t, J = 5.3 Hz, 
1H, NH), 4.25 (t, J = 5.4 Hz, 2H, O-CH2), 3.51 (q, J = 5.4 Hz, 2H, N-CH2), 3.22 (q, J = 7.1 Hz, 
4H, -CH2CH3), 1.92 (dd, J = 1.6, 0.9 Hz, 3H, COC(CH3)=CH2), 1.10 (t, J = 7.1 Hz, 6H, -CH2CH3). 
13C NMR (125 MHz, CDCl3): δ 167.7, 157.1, 136.2, 126.0, 64.3, 41.3, 40.4, 18.4, 13.9. ESI-MS 
(low resolution, positive mode): calculated for C11H20N2O3, m/z, 229.2 [M + H]
+; found 229.2 [M 
+ H]+. 
2-(3-(tert-Butyl)-3-methylureido)ethyl methacrylate (3f): 1H NMR (500 MHz, CDCl3): δ 6.10 
(dq, J = 1.6, 0.9 Hz, 1H, COC(CH3)=CH2), 5.56 (dq, J = 1.6, 1.6 Hz, 1H, COC(CH3)=CH2), 4.67 
(t, J = 5.4 Hz, 1H, NH), 4.23 (t, J = 5.4 Hz, 2H, O-CH2), 3.48 (q, J = 5.4 Hz, 2H, N-CH2), 2.79 (s, 
3H, -CH3), 1.92 (dd, J = 0.9, 1.6 Hz, 3H, COC(CH3)=CH2), 1.37 (s, 9H, C(CH3)3). 
13C NMR (125 
MHz, CDCl3): δ 167.7, 159.0, 136.2, 126.0, 64.4, 55.7, 40.1, 31.7, 29.1, 18.4. ESI-MS (low 
resolution, positive mode): calculated for C12H22N2O3, m/z, 243.2 [M + H]
+; found 243.2 [M + H]+. 
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2.2.3 Determination of equilibrium constants  
Equilibrium constants at different initial ratios of amine and isocyanate: 1 and 2a were 
dissolved in CDCl3 (0.5 mL) with three different ratios and added to the NMR tubes (see Figure 
A1 for details of the concentrations). 1H NMR spectra were collected 30 min after 1 and 2a were 
mixed at room temperature when equilibrium was reached (Figure A1). Concentration of each 
species was calculated based on the integral ratios of the 1H NMR signals and the initial 
concentrations of 1 and 2a. The equilibrium constants were calculated as: 
)][]/([][ eqeqeqeq 2a13a K                                                      (1) 
Equilibrium constants at different temperatures: 1 (8.5 mg, 0.055 mmol) and 2a (7.5 mg, 0.054 
mmol) were dissolved in CDCl3 (0.5 mL) for NMR analysis. 
1H NMR spectra were collected at 
different temperatures (Figure A2). Concentration of each species was calculated according to the 
integral ratios of 1H NMR signals and the initial concentrations of 1 and 2a. The equilibrium 
constants were calculated as equation 1. 
 
2.2.4 Dissociation kinetics of TBEU, DIPU and DEU  
Determination of dissociation rates of TBEU, DIPU and DEU. Butyl isocyanate (compound 1’) 
was added to 3c, 3d or 3e and the consumption rates of 3c, 3d or 3e were monitored by 1H NMR 
at room or higher temperature. The dissociation rates were calculated based on those data (Figure 
A5~A7).  
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Study of TBEU bond exchange with an amine. Urea 3c (11.3 mg, 0.044 mmol) that has a TBEU 
moiety and tert-butylmethylamine 2f (8.8 mg, 0.102 mmol) were mixed in CDCl3 (0.5 mL), 
quickly transferred to a NMR tube, and heated to 37oC. 1H NMR spectra were collected at selected 
time intervals until chemical equilibrium was reached. 
 
2.2.5 Dynamic property of TBEU-based polymers 
TBEU-based poly(4a/5c).  Equal molar 1,3-bis(isocyanatomethyl)cyclohexane (4a, 437 mg, 2.25 
mmol) and N,N'-di-tert-butylethylene-diamine (5c, 387 mg, 2.25 mmol) were dissolved in DMF 
(2.0 mL). The mixture was stirred at 37 oC for 2 h vigorously and analysed by GPC to check if 
poly(4a/5c) was formed.  Next, another equiv 5c (378 mg, 2.20 mmol) in DMF (0.90 mL) was 
added.  The reaction was allowed to proceed for an additional 20 h.  The solution was analysed by 
GPC to check if poly(4a/5c) was depolymerized to form oligomers at the [4a]0:[5c]0 ratio of 1:2.  
Finally, one equiv 4a (427 mg, 2.20 mmol) in DMF (1.05 mL) were added to the reaction solution 
to bring the [4a]0:[5c]0 ratio back to 1:1. Two hours later, the solution was analysed by GPC to 
check if higher molecular weight poly(4a/5c) was re-formed (Figure 2.2e). 
In another experiment, two batches of poly(4a/5c) were prepared. One polymer (poly(4a/5c)-1) 
was prepared by mixing 4a (338 mg, 1.74 mmol) and 5c (299 mg, 1.74 mmol) in DMF (1.5 mL) 
and the other polymer (poly(4a/5c)-2) was prepared by mixing 4a (338 mg, 1.74 mmol) and 5c 
(337 mg, 1.96 mmol) in DMF (1.5 mL).  They were analysed by GPC with Mn of 13.0 × 10
3 g/mol 
and 2.8 × 103 g/mol, respectively.  Next, equal volume (500 μL) of the solution of poly(4a/5c)-1 
and poly(4a/5c)-2 were mixed and stirred vigorously at 37oC for 12 h.  The mixture was analysed 
by GPC to verify if the polymer chain reshuffling happened which would result in a polymer with 
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intermediate MW (lower than that of poly(4a/5c)-1 and higher than that of poly(4a/5c)-2) and 
monomodal GPC distribution (Figure A9).  
TMPCA-based poly(4a/5a).  Equal molar of 1,3-bis(isocyanatomethyl)cyclohexane (4a, 152 mg, 
0.78 mmol) and bis(2,2,6,6-tetramethyl-4-piperidyl) sebacate (5a, 376 mg, 0.78 mmol) were 
dissolved in DMF (1.0 mL). The mixture was stirred at 37 oC for 2 h vigorously and analysed by 
GPC (Figure A10). 
DIPU-based poly(4a/5d): Equal molar 1,3-bis(isocyanatomethyl)cyclohexane (4a, 203 mg, 1.05 
mmol) and N,N'-di-iso-propylethylene-diamine  (5d, 151 mg, 1.05 mmol) were dissolved in DMF 
(1.0 mL). The mixture was stirred at 37 oC vigorously for 2 h.  The sample was analysed by GPC 
for the formation of poly(4a/5d). To the mixture was then added another equivalent 5d (153 mg, 
1.06 mmol) with DMF (0.43 mL) to make the [4a]0:[5d]0 ratio 1:2.  The reaction solution was 
stirred for 20 h and analysed by GPC (Figure A11).  
 
2.2.6 Synthesis and study of self-healing HUB-containing polymers 
Synthesis of 6a. In a typical experiment, hexamethylene diisocyanate (1.280 g, 7.6 mmol) and 
DMF (0.380 g, 15% weight ratio) were charged in a glass vial and cooled to 4 oC. Diamine 5a 
(1.220 g, 2.54 mmol) was slowly added to form oligo-urea. After the solution was brought to room 
temperature, TEA (0.094 g, 0.63 mmol) and TEG (0.829 g, 4.27 mmol) were added and the 
solution was vigorously homogenized. Then the pre-polymer was charged to a dog-bone shaped 
mould (dimension shown in Figure A19) followed by addition of dibutyl tin diacetate (DBTDA, 1 
drop, ~10 mg).  The polymer was allowed to cure at room temperature for 24 h under N2.  
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Synthesis of 6c. In a typical experiment, hexamethylene diisocyanate (1.380 g, 8.2 mmol) and 
DMF (0.317 g, 15% weight ratio) were charged in a glass vial and cooled to 4 oC. Diamine 5c 
(0.471 g, 2.74 mmol) was slowly added to form oligo-urea accompanied with significant heat 
release. After cooling the mixture to room temperature, TEA (0.102 g, 0.69 mmol) and TEG (0.897 
g, 4.62 mmol) were added and the solution was vigorously homogenized. Then the pre-polymer 
was charged to a dog-bone shaped mould followed by addition of DBTDA (1 drop, ~10 mg). The 
polymer was allowed to cure at room temperature for 12 h and then at 60 oC for another 12 h under 
the protection of inert gas.  
Synthesis of 6e. In a typical experiment, hexamethylene diisocyanate (1.450 g, 8.6 mmol) and 
DMF (0.707 g, 30% weight ratio) were charged in a glass vial and cooled to 4 oC. Diamine 5e 
(0.330 g, 2.84 mmol) was slowly added to form oligo-urea. After the solution was cooled to room 
temperature, TEA (0.107 g, 0.72 mmol) and TEG (0.939 g, 4.84 mmol) were added and the 
solution was vigorously homogenized. Then the pre-polymer was charged to a dog-bone shaped 
mould followed by addition of DBTDA (1 drop, ~10 mg). The polymer was allowed to cure at 
room temperature for 12 h and then at 60 oC for another 12 h under the protection of inert gas.  
 
2.2.7 Swelling and amine-induced degradation of 6c.   
6c was immersed in DMF with or without the addition of amine 2f (2 equiv relative to TBEU bond 
in 6c), and then incubated at 37oC for 24 h.  
 
2.2.8 Stress-strain experiments 
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Stress-strain experiments were performed on a custom-built bi-directional screw driven rail table 
that allows tensile testing of samples with both grips translating simultaneously and in opposite 
directions, keeping the centre of mass of the sample stationary. The samples were extended at the 
speed of 2 mm s-1. Load was measured via a 22 N capacity load cell. 
 
2.2.9 Creep-recovery experiments.  
The samples were fixed by the grips, pulled to a certain strain (~50%) and held for 60 min. After 
that, the stress was released and the samples were allowed to relax for another 60 min. 
 
2.2.10 Self-healing experiments.  
The samples were cut by a blade and then the cut pieces were gently pressed in touch for 1 min, 
left to heal at 37 oC for selected healing times without the protection of inert gas, and then subject 
to stress-strain experiments to test the recovery of their breaking strains. 
 
2.3 Results and discussions 
2.3.1 Design of HUBs and evaluation of their binding constants 
Reversible chemistry does not necessarily lead to polymers with dynamic properties. To render 
reversible chemistry dynamic and practical for the synthesis of polymers with bulk properties, two 
criteria must be met. First, both the forward and the reverse reactions should be fast (large k1 and 
k-1, Figure 2.1c). Second, the equilibrium must favour the formation of the polymer (large Keq = 
k1/k-1)
43. In the design of dynamic polyurea, it is therefore crucial to identify a HUB with a properly 
24 
 
selected substituent on the amine group so that the corresponding HUB can meet these two 
requirements.  
 
We first performed equilibrium studies using 2-isocyanatoethyl methacrylate (1) and amines with 
different steric hindrance to identify such HUBs (Figure 2.1c and Table 2.1). 2,2,6,6-
Tetramethylpiperidine (2a), a bulky amine containing two tert-butyl equivalent groups, was 
selected and mixed with 1 in CDCl3 in attempts to synthesize 3a bearing a HUB moiety2,2,6,6-
tetramethylpiperidinylcarboxyamide (TMPCA) (Figure 2.1c). As expected, TMPCA is reversible 
and the coexistence of 1, 2a and 3a was observed in CDCl3 based on 
1H NMR analysis (Figure 
A1). Interestingly, the three compounds were in thermodynamic equilibrium with a binding 
constant Keq of 88 M
-1 at room temperature, independent of the concentration of 1 and 2a (Figure 
A1~A2). By reducing the substituent bulkiness on the amine by using N-isopropyl-2-
methylpropan-2-amine (2b) to replace 2a, a larger binding constant was observed (Keq = 5.6 × 10
3 
M-1, Figure A3). While the reversibility of 1-(tert-butyl)-1-isopropylurea (TBIPU), the 
corresponding HUB, is reduced compared to TMPCA and the reaction is more prone toward the 
formation of the urea bond, the Keq is still too small to be of practical use. If HUBs with such small 
Keq values were used in the design of polymers via condensation reactions, the resulting polymer 
would have a low degree of polymerization (DP) and limited bulk mechanical property43. Thus, 
although 3a and 3b are both reversible HUBs, they are clearly not the ideal dynamic bonds to be 
used in the preparation of dynamic polyureas with applicable bulk properties.    
 
To obtain a larger Keq, we further reduced the bulkiness of the N-substituents on the amine and 
used tert-butyl-ethylamine (2c), diisopropyl amine (2d) and diethylamine (2e) to react with 1 to 
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prepare 3c-3e containing the corresponding HUBs: 1-(tert-butyl)-1-ethylurea (TBEU), 1,1-
diisopropylurea (DIPU) and 1,1-diethylurea (DEU), respectively (Figure 2.1c). These HUBs  
 
Figure 2.1 Dissociation of carboxylate/amine bonds bearing bulky N-substituent. (a) 
Hindered amide bond dissociates to unstable ketene intermediate. (b) Hindered urea bond (HUB) 
dissociates to isocyanate, which is stable at low temperature but reactive to amine to reform the 
HUB bond, making HUB a dynamic covalent bond; (c) Equilibrium between isocyanate 1, bulky 
amines (2a-e) and corresponding ureas (3a-e), the chemical structures of bulky amines (2a-e), and 
the urea 3a-e bearing the corresponding HUB: 2,2,6,6-tetramethylpiperidinylcarboxyamide 
(TMPCA), N-tertbutyl-N-isopropylurea (TBIPU), N-tertbutyl-N-ethylurea (TBEU), N,N-
diisopropylurea (DIPU) and N,N-diethylurea (DEU). 
 
a
b
c
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showed much larger binding constants than 3a and 3b (Keq = 7.9 × 10
5 for TBEU, Keq > 10
7 M-1 
for DIPU and DEU, Figure A4).  We went on to determine their dissociation constants (k-1) through 
intermediate trapping experiments (Figure A5~a7). As expected, 3c has the largest k-1 among these 
three HUBs (0.042 h-1 at room temperature, Table 2.1 and Figure A5), while 3d and 3e have much 
smaller k-1 even at elevated temperature (Table 2.1). Because TBEU has both large Keq (k1) and k-
1, we next designed experiments to study whether it could serve to control bond exchange and re-
formation under mild conditions in TBEU-containing small molecules and polymers. 
 
Table 2.1 Equilibrium constant and dissociation rate of HUBs.  
HUB structure in 3 TMPCA (3a) TBIPU (3b) TBEU (3c) DIPU (3d) DEU (3e) 
Keq (M-1) 88 5.6×103 7.9×105 >107 >107 
k-1 (h-1) - - 0.042(0.21a) 0.0015a 0.0011a 
a Experiments performed at 37oC 
 
2.3.2 Dynamic exchange of HUBs in small molecules and polymers 
We first studied the dynamic exchange of TBEU by mixing 3c with t-butylmethyl amine (2f), a 
compound with very similar N-substituent steric bulkiness as 2c.  We monitored the ratio change 
of each compound in CDCl3 through 
1H NMR. Although the concentration of 1, the isocyanate 
intermediate, was too low to be observed, t-butylmethyl urea (3f) and t-butylethyl amine (2c) were 
produced and detected by NMR. This observation verified the exchange reaction through the 
isocyanate intermediate 1 (Figure 2.2a). As shown in Figure 2.2b, the concentration of compound 
3f and 2c increased over time while the concentration of compound 3c and 2f decreased until 
equilibrium was reached. Linear regression of the reaction kinetics proved the reversible exchange 
mechanism of these species (Figure A8). The time needed to reach complete equilibrium was about 
20 h at 37 oC and the dissociation rate was determined to be 0.21 h-1 (t1/2 = 3.3 h) (Figure 2.2c and 
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Table 2.1). Thus, these experiments clearly demonstrated dynamic urea bond exchange in small 
molecules containing the TBEU moiety.  
 
Figure 2.2 Dynamic exchange reactions in TBEU(N-tertbutyl-N-ethylurea)-bearing small 
molecule or polymer. (a) Exchange reaction between 3c and 2f produces 3f and 2c with  
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Figure 2.2 (cont.) isocyanate 1 as the intermediate. (b) 1H NMR spectra after mixing 3c and 2f 
for different durations at 37oC. The proton peak intensities of 3c and 2f gradually decreased over 
time, along with the gradual increase of proton peak intensities of 3f and 2c until an equilibrium 
of the exchange reaction was reached at approximate 20 h.  The protons subject to analysis from 
these four compounds were labelled with different colours in Fig. 2a, which correspond to the 
colours of peaks in Fig. 2b. (c) Conversion of 3c toward reaching equilibrium (Conversion ratio = 
([3c]0-[3c]t)/[3c]0-[3c]eq, [3c]0 = initial concentration of 3c, [3c]t = concentration of 3c at time t, 
[3c]eq = equilibrium concentration of 3c). (d) Poly(4a/5c), TBEU-bearing dynamic polymers, 
prepared via the polycondensation of 4a and 5c. (e) Dynamic tuning of poly(4a/5c) shown by 
GPC analysis (signal from light scattering detector). Firstly, polymer solution was prepared by 
mixing 4a and 5c with [4a]0:[5c]0=1:1 ([4a]0 (or [5c]0) at 1.0 M in DMF), and the GPC experiment 
was performed after 2 h incubation at 37oC (upper curve). One additional equiv 5c was then added 
to tune the [4a]0:[5c]0 ratio to 1:2 and the GPC experiment was performed after 12 h incubation 
of the mixture at 37 oC (middle curve). Finally, one additional equiv 4a was added to restore the 
[4a]0:[5c]0 ratio back to 1:1. DMF was also added to keep [4a]0 (or [5c]0) at 1.0 M. GPC 
experiment was performed after 2 h incubation of the mixture at 37 oC (lower curve). 
 
We next tested the dynamic behaviour of TBEU in polymers by mixing 1,3-
bis(isocyanatomethyl)cyclohexane (4a) and N,N'-di-tert-butylethylenediamine (5c, a bisfunctional 
analogue of 2c) at 1:1 stoichiometry and [4a]0 (or [5c]0) concentration of 1.0 M in DMF (Figure 
2.2d). We used the β-branched diisocyanate 4a instead of a linear diisocyanate in order to increase 
the solubility of the corresponding polymers. Several HUBs formed with cyclohexanemethyl 
isocyanate (1”), a monofunctional analogue of 4a, have similar dynamic properties (especially 
nearly identical k-1) as those prepared from 1, indicating that β-substitution/branching of 
isocyanate has limited effect on dynamic property of HUBs (Table A1). Poly(4a/5c) was formed 
with an Mn of 1.7 × 10
4 g/mol as analysed by gel permeation chromatography (GPC) (see the 
mono-modal light scattering peak in the upper curve, Figure 2.2e). The addition of another 
equivalent of 5c resulted in degradation of the polymer to very low molecular weight (MW) 
molecules after 12 h incubation at 37 oC (middle curve, Figure 2.2e). Interestingly, when one 
equivalent 4a was added to the reaction solution to restore the 4a:5c ratio back to 1:1 (DMF was 
also added to keep [4a]0 (or [5c]0) at 1.0 M), the low MW light scattering peaks completely 
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disappeared and a new, higher MW, monomodal GPC curve which overlays nearly perfectly with 
the original poly(4a/5c) GPC curve was observed (lower curve, Figure 2.2e). In a separate 
experiment, we mixed two poly(4a/5c) samples with distinctly different MWs (Mn1 = 13.0 × 10
3 
g/mol and Mn2 = 2.8 × 10
3 g/mol) in DMF solutions. After stirring the solution for 12 h at 37 oC, 
the two original GPC light scattering peaks disappeared and a new monomodal light scatting peak 
corresponding to an Mn of 4.8 × 10
3 g/mol was observed (Figure A9). These experiments 
demonstrate that the TBEU bonds are in fast dynamic exchange in both TBEU-containing small 
molecules and polymers.  In several control experiments, we studied the condensation 
polymerization of 4a with bis(2,2,6,6-tetramethyl-4-piperidyl) sebacate (5a, a more bulky amine 
compared to 5c and a bisfunctional analogue of 2a) and N,N'-di-iso-propylethylenediamine (5d, a 
less bulky amine compared to 5c and a bisfunctional analogue of 2d).  As expected, the mixture 
of 4a and 5a at 1:1 ratio in DMF only yielded very low MW polymer because of its low Keq (Figure 
A10). The mixture of 4a and 5d at 1:1 ratio in DMF yielded high MW polyurea (poly(4a/5d)) with 
very stable urea bond. No detectable dynamic bond exchange was observed when the formed 
poly(4a/5d) was treated with 5d  at 37oC for 12 h (Figure A11).  Thus, the dynamic change of 
HUBs can be controlled by tuning the steric bulkiness of the substituent attached to the urea bonds.  
 
2.3.3 Synthesis and study of self-healing HUB-containing polymers 
After demonstrating the dynamic property and bond exchange features of HUBs, we next 
attempted to use HUBs in the design of catalyst-free, low-temperature self-healing materials (as 
illustrated in Figure 2.3a).  Specifically, we designed cross-linked poly(urethane-ureas) containing 
HUBs and tested their self-healing property (Figure 2.3b). Triethanolamine (TEA) was used as 
the cross-linker and tetra(ethylene glycol) (TEG) was used as the chain extender. Hindered  
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Figure 2.3 Design of HUB(hindered urea bond)-based self-healing materials. (a) Illustration 
of the self-healing process of TBEU(N-tertbutyl-N-ethylurea)-based poly(urethane-urea). (b) 
Chemical structures and ratios of components used for the synthesis of HUB-based cross-linked 
b
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Cut
Touch
Healed
Bond exchange 
reaction
Cut
Touch
Healed
:
Healing
TBEU
Healing
31 
 
Figure 2.3 (cont.) poly(urethane-urea). (c) Selected snapshots during the course of the self-healing 
experiment of TBEU-based poly(urethane-urea) 6c. The cut pieces was gently pressed together 
and left to heal for 12 h at 37oC. The gel was then stretched. No fracture at the cut region was 
observed, showing efficient recovery of mechanical properties at the cut interface. The arrow 
indicates the position being cut. 
 
diamines 5a, 5c and 5e were used to form the corresponding HUB motifs (TBEU, TMPCA and 
DEU) in the desired network polymers 6a, 6c and 6e, respectively. TEA, TEG and diamine were 
allowed to react with hexamethylene diisocyanate (4b) in DMF with dibutyltin diacetate (DBTDA) 
as the catalyst to yield cross-linked poly(urethane-urea)17. The molar ratio of TEA:4b:TEG:5 was 
set at 1:12:6.8:4 for the synthesis of the self-healing material. The cross-linking density 
(determined by the amount of TEA), dynamic moiety concentration (determined by the amount of 
5) and polymer flexibility (determined by the amount of TEG) were optimized to ensure efficient 
self-healing with the optimal mechanical stiffness17. The hydroxyl and amine groups were included 
in excess of the isocyanate groups to improve the material stability to moisture by increasing the 
free amine concentration (Figure A12~A14). 
 
All three samples behaved as elastic gels with good mechanical stiffness (with Young's modulus 
around 1 MPa, see Figure 2.4a and Table 2.2) and thermal stability (Figure A15). They all have 
subambient glass transition temperatures (Tg, Figure A16), which provides sufficient chain 
mobility for bond exchange. Swelling experiments demonstrated that these polymers were cross-
linked network. Both 6a and 6c could be dissolved in DMF containing 2f, substantiating the 
dynamic bond exchange property of the built-in HUBs (Figure A17). Next, we examined the creep-
recovery behaviours to further understand the elastomeric property of these three samples (Figure 
2.4b)23,27. As expected, 6a showed completely different behaviour from 6c and 6e. When a stress 
of 0.08 MPa was applied to 6a and held for 60 min, the strain increased from 50% to ~350% (strain 
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increase of 6.3% per min). After the stress was released, the gel could not return to its original 
length and had a residual strain as high as ~150% (blue trace, Figure 2.4b). This phenomena can 
be explained by the weak strength of TMPCA bonds in 6a, thereby making the material behave 
like a physically cross-linked rubber that yields upon stretching. For 6e under the same condition, 
very slow strain increase was observed. After stress was released, the material recovered its 
original dimension with negligible residual strain (red trace, Figure 2.4b). This experiment 
demonstrated that the DEU bonds in 6e are strong with very poor dynamic exchange property. 
Compared to 6e, 6c showed a slightly elevated strain increase (0.09% per minute) and residual 
strain (6%) (black trace, Figure 2.4b), both of which were much smaller than those of 6a. This 
experiment showed that even with chain exchange, 6c is still strong enough to maintain satisfactory 
dimensional stability under externally applied stress. 
 
We next tested the self-healing behaviour of these three poly(urea-urethane) materials containing 
HUB moieties. We cured the polymers in a dog-bone shaped mould and cut the polymer as 
illustrated in Fig. 3a with a razor blade. We then gently brought the two pieces back in contact for 
1 min and let the materials cure without external force and protection with inert gas. TMPCA-
based 6a showed fast self-healing because of the highly reversible urea bond. After the two cut 
pieces were brought in contact for just 5 min at room temperature and stress was then immediately 
applied to the healed materials without further curing, strong reconnection of these two pieces and 
good recovery of mechanical strength were observed. However, complete recovery of the breaking 
strain in the self-repaired 6a can never be achieved. Because of the low binding constant (88 M-1, 
Table 2.1) and fast dynamicity of the TMPCA bonds, there should be substantial amount of free 
isocyanate groups in 6a without being used to form the TMPCA bonds. These free isocyanate 
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groups are susceptible to hydrolysis, in particular for those at the surfaces of the cut pieces that are 
more exposed to the moisture in air, and irreversibly transform to amine groups after 
decarboxylation that can react with free isocyanate groups to form irreversible non-dynamic urea 
bonds. As such, 6a is expected to gradually lose self-healing property and prolonged healing is 
expected to lead to reduced instead of increased breaking strain, which was exactly what we have 
observed (Figure A18).   We also noticed that the gel 6a was transparent initially but became turbid 
after several hours under ambient conditions, suggesting substantial material property change 
presumably due to the hydrolysis of the isocyanate groups.    
 
Compared to 6a, 6e showed much slower healing as a result of its reduced dynamicity of the urea 
bonds (DEU, Figure 2.3b).  After a dog-bone shaped 6e was cut, the two pieces were brought back 
in contact and the polymer was allowed to heal for 24 h at 37oC, approximately 30% of the original 
breaking strain was recovered (Figure 2.4c). Extended curing did not improve healing (red vs. blue 
trace, Figure 2.4c). Stretching of the cured 6e resulted in fracture at the cut site.   
 
Self-healing experiments with TBEU-based 6c revealed that this HUB has an advantageous 
balance of dynamicity (much large k-1 than that of DEU of 6e) and urea bond strength (much 
higher binding constant than that of TMPCA of 6a, Table 2.1).  The self-healing experiment of 6c 
was similarly performed as 6a and 6e.  The cut of 6c could self-heal at room temperature with 
moderately high recovery breaking strain (~50% after 12 h curing, dotted trace, Figure 2.4d).  At 
elevated temperature (37 oC), the materials showed much faster and better self-healing property. 
A breaking strain of 50% was recovered after putting the two cut pieces back in touch for 1 min 
and curing the materials for just 1 h.  Longer curing time led to improved self-repairing and  
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Figure 2.4 Mechanical characterization of HUB(hindered urea bond)-based cross-linked 
poly(urethane-urea). (a) Stress-strain curves of 6a, 6c and 6e. (b) Creep-recovery of 6a, 6c and 
6e with initial strain of 50%. (c) Inefficient recovery of the breaking strain of 6e after long period 
of healing. (d) Recovery of breaking strain of sample 6c under various healing conditions. The 
breaking strain of the cut and healed 6c was efficiently and largely restored after 12 h self-healing 
(87%) at 37oC. The healing at room temperature is less efficient (dotted line). 
 
Table 2.2 Physical properties of cross-linked poly(urethane-urea) with different HUBs. 
 Tg 
(oC) 
Young’s 
modulus 
(MPa) 
Before cutting After cutting and healing 
Breaking strain 
recovery (%) 
Breaking 
stress (MPa) 
Breaking 
strain (%) 
Breaking 
stress (MPa) 
Breaking 
strain (%) 
6a -49 0.87±0.04 0.69±0.05 426±20 / / / 
6c -52 1.22±0.12 0.93±0.06 301±12 0.71±0.05 268±13 87±4 
6e -78 0.87±0.20 0.62±0.02 243±21 0.32±0.08 68±4 29±2 
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increased breaking strains (Figure 2.4d). After 12 h of curing at 37 oC, the extensibility of the cured 
6c had recovered 87% of its initial strain (Figure 2.4d) and did not always fracture at the cut 
position.   
 
2.4 Conclusion 
Integrating dynamic moieties to polymers, especially those capable of dynamic covalent bonding 
in widely-used conventional polymers are of tremendous interest. In one particular application, for 
example, materials bearing such dynamic moieties may theoretically self-heal for unlimited times 
if the healing is directed by the reversible exchange of dynamic covalent bonds. However, bringing 
dynamic properties to conventional polymers often involves special dynamic moieties13-17 that may 
require tedious synthesis and/or use of external stimuli such as catalyst35,36 or high temperature37,38 
for dynamic property activation and control. In this study we report the design of dynamic 
polyureas and poly(urethane-urea)s by attaching bulky substituents to the urea nitrogen to create 
the so-called hindered urea bonds (HUBs, Fig. 1). As HUBs are synthesized through the reaction 
of isocyanate and amine, conventional polyureas and poly(urea-urethane)s with stable bulky 
properties can thus be readily made dynamic by replacing regular amine with bulky amines 
(amines containing bulky substituents). By screening five HUBs with different substituent 
bulkiness, we identified N-tertbutyl-N-ethylurea (TBEU) as a promising HUB and successfully 
demonstrated its application in making dynamic polymers (Fig. 2e) and self-healing materials (Fig. 
4d).  Polymer chain reshuffling was observed for a linear polyurea based on TBEU (Fig. 2e). We 
incorporated TBEU moieties into a cross-linked poly(urethane-urea) to obtain catalyst-free self-
healing materials under mild condition with good mechanical strength, dimensional rigidity and 
chemical stability. TBEU has a large Keq for retaining strong bonding and a reasonably large k-1 
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for efficient dynamic bond exchange under mild conditions (Table 2.1). Very bulky N-substituent 
in HUBs may result in faster dynamic bond exchange, as shown in the case of TMPCA, but its 
weak bond strength (smaller Keq, Table 2.1) makes it less favoured for self-healing applications 
(Supplementary Fig. 18). HUBs present a number of desirable properties for the synthesis of 
dynamic and self-healing polymers. They can be easily synthesized through the reaction of an 
isocyanate and a hindered amine, both of which are widely available and inexpensive. The dynamic 
properties of HUBs can be well controlled by adjusting bulkiness of the substituents. HUBs 
possess a hydrogen-bonding motif via its urea bond that can increase the mechanical strength of 
polymers, a property that most of other dynamic covalent chemistries lack. We anticipate that HUB 
structure and chemistry can be readily integrated in the design of a wide range of materials, 
bringing modular and tuneable dynamic properties to conventional polyureas and urea-containing 
polymers.   
 
* For figure A series and compound numbering starting with A, please refer to appendix A. 
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CHAPTER 3 
 
MALLEABLE AND RECYCLABLE POLY(UREA-URETHANE) 
THERMOSET BEARING HINDERED UREA BONDS 
 
 
3.1 Introduction 
Thermosets have excellent mechanical properties, solvent resistance, abrasion resistance, and load 
bearing capacity compared with thermoplastics due to their covalently cross-linked structure. 
However, unlike thermoplastics that can be molded through injection or extrusion with the 
application of heat or solvent, most thermoset must be polymerized in the mold to set the desired 
shape since they generally lack the ability to be reprocessed or recycled after curing.1 Recently, 
researchers have been trying to solve this problem by incorporating dynamic covalent bonds, 
which facilitate stress relaxation and reversible depolymerization through bond exchange.2-6 For 
example, Leibler and coworkers developed malleable thermosets based on polyester, in which 
metal catalysts were added to accelerate the transesterification reaction at high temperature.7,8 
Guan and coworkers discovered that lightly cross-linked polybutadiene becomes malleable with 
the Grubb’s catalyst that promotes the olefin metathesis.9-11 Hedrick and coworkers demonstrated 
that poly(hexahydrotriazine)s could be depolymerized by acid for recycling.12 However, most of 
them involve the use of catalysts, which add complexity to synthesis and recycling purification. 
To avoid this issue, Zhang and coworkers developed a catalyst-free malleable polymer network 
using imine chemistry.13  However, synthesis of imine produces water as the byproduct, which 
decreases the atom utilization and adds on another drying step in the material preparation. Other 
reversible reactions, such as retro-Diels-Alder,14-17 reversible radical association-dissociation,18-20 
reversible click chemistry,21 disulfide metathesis,22-24 transalkylation,25 boronic ester exchange,26 
42 
 
and transcarbamoylation27 have also been reported in the design of malleable cross-linked 
polymeric materials. However, most of them are limited by the availability of commodity raw 
materials.  
Cross-linked polyurethanes and polyureas that are synthesized from multifunctional isocyanates 
and alcohols or amines with 100% atomic conversion have been proven to qualify as high-
performance polymeric materials with low cost. But they also suffer from the lack of processing 
and recycling because of the extremely stable urethane or urea.27 Recently, we reported that by 
introducing bulky substituents on one of the nitrogen atoms of a urea bond, the resulting hindered 
urea bonds (HUB) show dynamic nature under ambient/catalyst-free condition.28,29 HUB based 
soft organogels with low cross-linking density showed efficient self-healing properties. Here we 
report a new class of hard poly(urea-urethane) thermosets based on HUB that behave like classic 
thermoset at ambient conditions yet can be reprocessed by application of heat and recycled from a 
mixture of traditional thermoplastics and thermosets.  
3.2 Materials and Methods 
3.2.1 General.  
2-(Tert-butylamino)ethanol (TBAE, Sigma-Aldrich) was purified by sublimation. 2-(iso-
propylamino)ethanol (IPAE) and 2-(n-butylamino)ethanol (NBAE) (Sigma-Aldrich) were purified 
by distillation. Tri-functional homopolymer of hexamethylene diisocyanate (THDI, Desmodur® 
N-3900) was purchased from Bayer MaterialScience (Pittsburgh, PA, USA) and used as received. 
Dibutyltin dilaurate (DBTDL) and other reagents and solvents were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used as received unless otherwise specified. NMR spectra in 
solutions were recorded on a Varian UI400 (400 MHz), UI500NB (500 MHz), U500 (500 MHz) 
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or VXR-500 (500 MHz) spectrometer. NMR spectra of solid samples were recorded on a Varian 
UI300WB (300 MHz) spectrometer. The shaped solid materials were processed using a 
Tetrahedron MTP-14 laboratory hot press in specific shaped aluminium moulds. Tensile 
experiments were performed on a custom-built, bidirectional screw-driven rail table assembled by 
IMAC Motion Control Group (Elgin, IL, USA) with translation stage from Lintech (Monrovia, 
CA, USA), motor from Kollmorgen (Radford, VA, USA), and load cell from Honeywell Sensotech 
(Columbus, OH, USA). Nanoindentation measurements were performed using a Hysitron 
Triboindenter (TI-950) with a cube-corner probe of end radius ~50 nm. Glass transition 
temperatures were tested by differential scanning calorimetry (DSC, TA instrument Q2000, New 
Castle, DE, USA). Films transmittance was tested by Perkin Elma Lambda 25 UV-Vis 
spectrometer. Infrared spectra were recorded on a Perkin Elmer 100 serial FTIR spectrophotometer 
equipped with universal attenuated total reflectance (ATR), which enables the analysis of polymer 
sample in powder form. Fracture toughness test was performed on an Instron 8500 load frame 
(Grove city, PA, USA).  
 
3.2.2 Synthesis of PUU-TBAE.  
TBAE (10.0 g, 85.5 mmol) and THDI (28.1 g, 55.9 mmol) were mixed in 50 mL centrifuge tube 
and heated up to 60 oC. After the dispersion turned to homogeneous and viscous solution, DBTDL 
(100 µL, 0.17 mmol) was added into the mixture. Then the mixture was incubated at 60 oC for 12 
h, and then cooled down to room temperature. The bulk materials were subsequently ground into 
fine powders by pulverization machine (38.1 g, yield 100%).  
0.1 wt% Rhodamine 6G was added in the synthesis of stained PUU-TBAE sample. 
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PUU-IPAE and PUU-NBAE were synthesized with the same procedure except for the different 
amine monomers used (IPAE and NBAE instead of TBAE).  
3.2.3 Synthesis of model compounds AA and BB.  
The model compounds AA and BB were synthesized by mixing n-butyl isocyanate (or benzyl 
isocyanate, 1 mmol) and N, N’-di-tert-butylethylenediamine (DTBEDA, 0.5 mmol) in CDCl3 (1 
mL). The mixtures were stirred at room temperature for 2 h then diluted with CDCl3 for NMR and 
ESI-MS analysis. Compound AA: 1H NMR (CDCl3, 500 MHz):  5.97 (q, J = 5.3 Hz, 2H), 3.35 – 
3.17 (m, 8H), 1.58 – 1.46 (m, 4H), 1.47 – 1.31 (m, 18H), 0.99 – 0.89 (m, 6H). 13C NMR (CDCl3, 
500 MHz):  160.3, 77.6, 77.3, 55.1, 47.3, 40.7, 32.4, 29.8, 20.4, 14.0. ESI-MS (low resolution, 
positive mode): calculated for C20H43N4O2, m/z, 371.3 [M + H]
+; found 371.6 [M + H]+.  
Compound BB: 1H NMR (CDCl3, 500 MHz):  7.42 – 7.21 (m, 10H), 6.35 (q, J = 7.2, 5.7 Hz, 2H), 
4.37 (t, J = 5.9 Hz, 4H), 3.41 – 3.32 (m, 4H), 1.52 – 1.33 (m, 18H). 13C NMR (CDCl3, 500 MHz): 
 160.1, 140.1, 128.6, 128.0, 127.2, 77.7, 77.4, 55.4, 47.5, 44.9, 29.7. ESI-MS (low resolution, 
positive mode): calculated for C26H39N4O2, m/z, 439.3 [M + H]
+; found 439.5 [M + H]+. 
 
3.2.4 Nanoindentation experiment.  
The films were ~ 2 mm thick and mounted with a cyanoacrylate glue (superglue) onto a stainless 
steel substrate magnetically held on the sample stage. Prior to indenting into samples of interest, 
the probe was calibrated using a fused quartz sample 1 mm thick that was mounted similarly to 
the samples of interest. The probe area function was fit to the known modulus for fused quartz 
using three coefficients. Between indentations on the two samples, the probe was cleaned 
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and recalibrated. Seven independent repeats of each load separated by at least 10 μm in the X and 
Y dimensions were performed to avoid any possibility of strain field coupling between 
indents. Reduced modulus was measured for each load, and an average modulus from at least 3 
independent data points is reported as the film modulus. 
 
3.2.5 Tensile experiment.  
Tensile tests of PUU-TBAE dog-bone samples were conducted according to ASTM D638. Type 
V done-bone samples were prepared via hot press in the aluminum mould with the shape shown 
in Figure B15. Tensile experiments were performed on a custom built bi-directional screw driven 
rail table that allows tensile testing of samples with both grips translating simultaneously and in 
opposite directions, keeping the center of mass of the sample stationary. The samples were 
extended at the speed of 0.02 mm s-1. Load was measured via a 220 N capacity load cell. 
 
3.2.6 Dynamic exchange of small molecular model compounds in solution.  
In order to investigate the behavior of the dynamic urea bonds exchange reaction, compounds AA 
and BB were mixed in deuterated chloroform with 1:1 molar ratio (25 mM), and the formation of 
AB was monitored by 1H NMR spectroscopy over time at three different temperatures: 30 oC, 45 
oC, and 60 oC. 
Swelling of PUU-TBAE in different solvents. Square shaped PUU-TBAE samples (0.5 g) were 
immersed in variant solvents (10 mL) in glass vials at room temperature. After 48 h, the samples 
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were taken out, and the residual solvent on the surface was wiped. The weight increase percentage 
were calculated by equation 1: 
Weight Increase Percentage = (Mt-M0)/M0×100        (1) 
where Mt is the mass of sample after swelling and M0 is the mass of dry sample before swelling. 
 
3.2.7 Interface fusion study of PUU-TBAE thermoset under heat and pressure 
Two dog-bone shaped sample was prepared via hot press of ground powder with or without the 
staining of Rhodamine 6G. They were cut by a blade into halves, and then the pieces with different 
colors were put back into the original mould and then exerted the pressure of 300 kPa at 100 oC 
for 20 min without the protection of inert gas. The resulting sample was subject to stress–strain 
test for the recovery of their breaking strength. 
 
3.2.8 Solvent assisted interface fusion of PUU-TBAE thermoset using tapered double-cantilever 
beam (TDCB) method:  
The TDCB shaped samples of PUU-TBAE thermoset were fabricated via hot press with TDBC 
shaped aluminium mould (Figure B16) for the fatigue-crack propagation behavior study. Fracture 
toughness testing was performed using a custom build load frame with a 50-lb. (223 N) load cell 
in displacement control at a rate of 5 µm/sec. After fracture was generated, acetone (0.3 mL) was 
added in the fracture area, and the sample was put in 37 oC oven for 5 days. The fracture toughness 
of recovered TDCB shape materials was retested by the load frame. For the TDCB geometry the 
recovery efficiency reduces to the ratio of critical fracture loads of the recovered and pristine tests, 
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(2) 
Where η is recovery efficiency, Pcrecovered and Pcprisitine are the critical fracture loads of recovered 
and pristine TDCB samples. 
Recycling of PUU-TBAE thermoset. A block of PUU-TBAE thermoset (1.0 g, 2.2 mmol of TBEU 
bonds) was immersed in chloroform (5 mL). TBAE (0.78 g, 6.6 mmol, 3 equiv. of TBEU bonds 
in the thermoset) was added into chloroform, and then the mixture was stirred at 60 oC for 12 h, 
after which the solid was completely dissolved. The mixture was cooled down to room temperature, 
followed by the addition of THDI (2.2 g, 6.6 mmol). The solution became organogel after 10 min 
incubation at 60 oC. After additional 12 h to drive the reaction to completion, the organogel was 
ground into the powder, and dried under vacuum at 60 oC for 24 h. The powder was remolded into 
the shaped solid materials via hot-press processing (100 oC, 20 min, 300 kPa). 
 
3.3 Results and discussions 
3.3.1 Processibility of thermosets based on hindered urea bond (HUB) 
      The dynamic nature of HUB structures is related to the bulkiness of its substituents, and 1-
(tert-butyl)-1-ethylurea (TBEU), one of the HUB structures with both high binding constant and 
dissociation rate (Keq = 7.9 × 10
5 M-1, k-1
 = 0.042 h-1, data collected at room temperature), has 
shown to be suitable for making dynamic polymers.28 Therefore, we first studied cross-linked 
poly(urea-urethane) thermoset (PUU-TBAE) with the incorporation of the TBEU moiety (Figure 
3.1a). PUU-TBAE was synthesized by curing two commercially available monomers: 2-(tert-
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butylamino)ethanol (TBAE) and a tri-functional homopolymer of hexamethylene diisocyanate 
(THDI) with aid from the catalysis of dibutyltin dilaurate (DBTDL), which serves to catalyze only 
the reaction between hydroxyl and isocyanate and makes little contribution to the dynamic nature 
of HUB (Figure 3.1b). The polymerization was complete after reaction at 60 oC for 12 h, which 
was confirmed by the disappearance of isocyanate peak in infrared spectroscopy (Figure B1). The 
resulting PUU-TBAE thermoset exhibites high modulus (reduced modulus ~ 3.5 GPa by 
nanoindendation, Young’s modulus ~ 1.9 GPa by tensile test), high hardness (~ 250 MPa) and 
high breaking strength (~ 39.5 MPa), which are in the range of commercial, state-of-the-art, cross-
linked thermosets. It has good solvent resistance, which shows swelling rather than dissolution in 
organic solvents such as toluene, DMSO, THF, etc. 
      We then investigated the malleability of PUU-TBAE materials toward reprocessing from 
powder to bulk by hot press technique. At sub-glass-transition-temperature (glass transition 
temperature (Tg) of PUU-TBAE ~ 53 
oC), the cross-links and the network topology appear to be 
quenched because of their low chain mobility and low dynamic nature of the HUBs. At high 
temperatures (T > Tg), the network shows fast bond exchange and behaves like a viscoelastic fluid 
(characteristic relaxation time τ* = 32 s at 100 oC, see Figure B2). The bulk PUU-TBAE thermoset 
was ground into powder, and then treated with a pressure of 300 kPa for 20 min at 100 oC. Moisture 
was carefully avoided during the whole process to prevent the potential hydrolysis of isocyanate 
intermediate. The polymer powder was molded into bulks (shapes determined by the molds shapes, 
Figure 3.1c and B15) with high mechanical stiffness, solvent resistance (Figure B6), and 
transparency (over 70% transmittance from 400 to 800 nm wavelength for 200 μm polymeric film, 
Figure B7). To demonstrate that the malleability is from the dynamic exchange of HUBs, we 
synthesized several poly(urea-urethane) (PUU) thermosets using the same isocyanate monomer 
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but less bulky amine monomers: 2-(iso-propylamino)ethanol (IPAE) and 2-(n-butylamino)ethanol 
(NBAE) instead of TBAE as control groups. The resulting PUUs (PUU-IPAE and PUU-NBAE) 
contain similar HUBs structures (1-isopropylethylurea (IPEU) and 1-n-butylethylurea (NBEU)) 
with lower dynamic nature characterized by larger binding constants (Keq > 10
7 M-1) and smaller 
dissociation rates (k-1
 < 0.001 h-1) (Figure B3). Both PUU-IPAE and PUU-NBAE exhibited 
comparable modulus (reduced modulus ~ 3.1 GPa for PUU-IPAE and ~2.7 GPa for PUU-NBAE 
by nanoindendation). However, both of them could not be remolded to shaped materials with as 
high stiffness and transparency as PUU-TBAE with the same hot press procedures from thermoset 
powders (Figure B5), which is due to their lower dynamic nature of IPEU and NBEU bonds. We 
also demonstrated that the PUU-TBAE thermoset could be remolded repeatedly. The shaped solids 
were re-ground to powders (Figure 3.1c) and then reprocessed by hot press using the same 
procedure for multiple times. The tensile test results showed that the recycled materials exhibit no 
major decrease of mechanical stiffness and strength even after the fifth generations of reprocessing 
(Figure 3.1d and 3.1e). In addition, solid state 13C NMR spectra barely showed any signal change 
after the fifth reprocessing (Figure B8), demonstrating that there was limited recycling fatigue 
during the whole process. 
3.3.2 Material interface fusion induced by reversible exchange of HUB 
To further understand the role TBEU exchange plays in the malleability of the bulk polymer, we 
investigated the bond exchange of TBEU based small molecules at various temperatures by 1H 
NMR spectrometry.13 We synthesized two TBEU dimers molecules, 1,1'-(ethane-1,2-diyl)bis(1-
(tert-butyl)-3-butylurea) (AA) and 1,1'-(ethane-1,2-diyl)bis(3-benzyl-1-(tert-butyl)urea) (BB), by  
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Figure 3.1 Malleable PUU thermoset design and characterization. a) Illustration of hot press 
processing of cross-linked poly(urea-urethane) materials facilitated by dynamic exchange of 
hindered urea bond (HUB). b) Chemical route for preparation of malleable cross-linked poly(urea-
urethane) (PUU-TBAE). c) Photographs showing molding of PUU-TBAE powders to transparent 
film and dog bone shaped specimens via hot press (100 °C. 300 KPa, 20 min). d) Stress–strain 
curves for the dog bone shaped PUU-TBAE sample shown in Figure 3.1c through five generations 
of molding from powder to solid. e) Young’s modulus and breaking strength of dog bone shaped 
PUU-TBAE specimens after different generations of molding. 
 
mixing corresponding isocyanate and N,N’-di-tert-butylethylene diamine in 2:1 ratio without 
purification (Figure B9, B10). Subsequent to the mixing of two parental model compounds, new 
TBEU species (AB) was formed due to the bond exchange (Figure B11), and its production rate 
was monitored by NMR spectroscopy at different temperatures (Figure 3.2a). We observed that 
the reaction reached equilibrium within 16 h at 60 °C. Though the bond exchange conditions in 
the bulk polymer would be different from those of small molecules in solution, the model study 
demonstrated the feasibility of utilizing TBEU exchange reactions as a temperature-dependent 
approach to achieve malleability of the polymer.  
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We next investigated the fusion of the thermoset interface during malleation. We prepared PUU-
TBAE thermoset samples with or without Rhodamine 6G staining using hot press with dog-bone 
shaped mold. Later we made a cut of the sample into two individual pieces (Figure 3.2b-i and 3.2b-
ii), and then brought two pieces with different colors in contact inside the mold. They were treated 
at 100 oC with the exertion of 300 kPa pressure for 20 min, and the two different colored pieces 
were perfectly rejoined together (Figure 3.2b-iii and 3.2b-iv) with 95% of strength recovered 
(Figure 3.2c). Although the bond exchange is still active at lower temperature, the interface fusion 
was much less efficient. It is partially due to the lower dynamic nature of TBEU structure, but 
more caused by the chain mobility restriction at sub-glass-transition-temperatures. To demonstrate 
this, we investigated whether the addition of solvent to the interface, which decreases the glass-
transition temperature and increases the chain mobility, can facilitate the fusion process. We 
prepared tapered double-cantilever-beam (TDCB) specimens of PUU-TBAE (Figure 3.2d and B16) 
in the geometry described by Brown et al.30  Prior to testing, a small pre-crack was introduced into 
the center groove of the sample by lightly tapping a razor blade into the front of the fluted region.  
To test, samples were loaded in displacement control until the mid-plane crack propagated to the 
end of the crack-propagation region. Following testing, crack plane re-mending was facilitated by 
adding a drop of acetone to the fracture plane before incubating the specimen at 37 oC. Testing 
was then repeated after five days, with up to 75% recovery of fracture toughness possible (Figure 
3.2e). In control specimens where acetone was not added to the fracture surface, no recovery was 
observed. This result is consistent with our previous report of self-healing properties of TBEU 
based soft organogel, and illustrates the necessity of bringing the dynamic thermosets above Tg for 
processing. 
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Figure 3.2 Interface fusion of PUU-TBAE thermoset through reversible bond exchange. a) 
Reversible exchange reaction between two TBEU model compounds. (i) Chemical structures of 
model compounds (AA, BB, and AB). (ii) 1H NMR spectra showing the reaction progress over 
time (illustrated by reduction of a1, a2 peaks and growth of the a3, a4 peaks) at 60 
oC. (iii) Change 
of concentrations ratio: [AB]/([AA]+[BB]) over time as measured by the urea peaks integration of 
each species at 60 oC. Cease of ratio change indicates the reaching of chemical equilibrium. b) 
Interface rejoining of dog-bone shaped PUU-TBAE thermoset. (i) Two dog-bone shaped solid 
materials with or without Rhodamine 6G stained; (ii) two halves of samples cut from complete 
dog-bone materials with different colors; (iii) rejoined sample with the exertion of heat (100 oC) 
and pressure (300 kPa) for 20 min. (iv) rejoined sample can sustain the weight of 1.0 kg of block. 
c) Stress–strain curves for the pristine and rejoined dog bone shaped PUU-TBAE samples. d) 
Tapered double-cantilever-beam (TDCB) shaped PUU-TBAE materials molded by hot press. e) 
Representative curves of load versus displacement for pristine and recovered (cracked and healed 
at 37 oC for 5 days with the treatment of acetone) TDCB PUU-TBAE samples. 
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3.3.3 Recyclability of thermosets based on HUB 
The dynamic nature of the materials also faciltates the recycling of the thermoset, which 
otherwise causes issues of resources waste and environmental contamination.3,31 Recycling of 
conventional thermoset materials involve powder grinding as materials filler or backbone 
degradation in harsh conditions (e.g., high temperature, strong acid/base, etc.) followed by 
monomers reuse. Both methods sacrifice the virgin mechanical properties, involve tedious 
procedures, or consume a lot of energy. Some recent work has sought ways to improve recycling 
efficiency by incorporation of dynamic covalent chemistry. For example, Hedrick incorporated 
hexahydrotriazine into thermosets, which could be fast depolymerized to monomers under mild 
conditions.12 However, the reuse of monomers still needs further purification. Here we 
demonstrate that the PUU-TBAE thermoset can easily switch between gel and solution state by 
tuning the monomer ratios, which showed greatly improved efficiency for materials recycling and 
reuse. The PUU-TBAE thermoset only swells in organic solvent such as chloroform (Figure B12-
i), but it completely dissolves with the presence of excessive TBAE (incubation at 60 oC for 12 h, 
with 3 equiv. excess TBAE, Figure 3.3a, Figure B12-i, Figure B12-ii and Figure. B13). After that, 
the organogel could be reformed by re-addition of isocyanate monomer THDI with the same 
equivalence of functional groups as TBAE (Figure B12-iii). The reformed organogel can be 
ground into powders, vacuum dried, and remolded into bulks with hot press same as described 
above, which has almost the same mechanical properties compared with the original solid 
materials (Figure B12-iv, and Figure B14). Furthermore, the unique recycling procedures made it 
possible to separate PUU-TBAE thermoset from a mixture of traditional polymers including 
thermoplastic (e.g., polystyrene, PS) and thermoset (e.g., epoxy-amine thermoset, EAT). As shown 
in Figure 3.3b, we added a mixture of PUU-TBAE, PS, and EAT into chloroform. The PS 
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dissolved quickly, while PUU-TBAE and EAT remained in solid form. These remaining solids 
were added into solution of TBAE. Given enough time, PUU-TBAE dissolved due to the bond 
exchange while EAT remained. After filtering the solid residue, the solution could be re-cured to 
PUU-TBAE with the addition of THDI and reprocessed as mentioned above. This property can 
significantly enhance the efficiency of classification during waste recycling. 
 
Figure 3.3.  Recycling of PUU-TBAE thermoset. a) Degradation of the cross-linked network by 
excess TBAE and reformation of the network by THDI. b) Sorting of PUU-TBAE thermoset from 
a mixture of traditional thermoplastic (polystyrene, PS) and thermoset (epoxy amine thermoset) 
(i); PS, PUU-TBAE, and epoxy amine thermoset were treated by chloroform (ii); After 1 h, PS 
was dissolved while the other two stayed (iii); The remaining solid was taken out, rinsed and 
redispersed in chloroform with TBAE. PUU-TBAE dissolved after 5 h with the incubation at 60 
oC. (iv); The remaining solid was removed, organogel was reformed with the addition of THDI 
(v); Recycled dog bone shaped samples were prepared via hot press of dried powders from 
reformed PUU-TBAE (vi). 
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3.4 Conclusion 
In summary, a new class of poly(urea-urethane) thermoset (PUU-TBAE) with dynamic hindered 
urea bond (HUB) was developed. This new thermoset has comparable mechanical properties and 
solvent resistance with conventional thermosets, but showed malleability under mild heating 
without the need of catalyst. Furthermore, the PUU-TBAE thermoset could be efficiently recycled, 
which avoids the use of energy intensive degradation condition and tedious monomer purification.  
Additionally, we showed that the PUU-TBAE thermoset can be easily sorted from a mixture of 
traditional thermoplastics and thermosets. Together with the green synthesis (100% atom economy) 
and wide availability of commodity monomers, HUB showed great potential as a new type of 
malleable cross-linked polymers of broad use.  
 
* For figure B series and compounds numbering starting with B, please refer to appendix B. 
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CHAPTER 4 
HYDROLYSABLE POLYUREAS BEARING HINDERED UREA BONDS 
4.1 Introduction 
Polymers with transient stability in aqueous solution, also known as hydrolysable polymers, have 
been applied in many biomedical applications, such as in the design of drug delivery systems,1 
scaffolds for tissue regeneration,2 surgical sutures,3 and transient medical devices and implants.4 
These applications usually require short functioning time, and complete degradation and clearance 
of materials after their use.  Hydrolysable polymers have also been applied in the design of 
controlled release systems in agriculture and food industries and used as degradable, 
environmentally friendly plastics and packaging materials.5 Besides polyesters, a class of widely 
used, conventional hydrolysable materials,6 a large variety of other hydrolysable polymers bearing 
anhydride,7 orthoester,8 acetal,9 ketal,10 aminal,11 hemiaminal,11-12 imine,13 phosphoester,14 and 
phosphazene15 bonds have also been reported.  Syntheses of these polymers usually involve 
condensation2d or ring-opening polymerization,16 and these syntheses typically involve removal of 
byproducts2d and use of high reaction temperature2d and/or metal catalysts,6b which complicates 
materials preparation. In this study, we report the design of polyureas bearing hindered urea bonds 
(HUBs) as potentially one of the least expensive degradable polymers that can be easily 
synthesized by mixing multifunctional bulky amines and isocyanates, expanding the family of 
hydrolysable polymers. 
Polyureas are commonly used as fiber, coating and adhesive materials.17 They can be readily 
synthesized via addition reaction of widely available, di- or multifunctional isocyanates and 
amines that do not require the use of catalysts and extreme reaction conditions and do not produce 
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any byproducts. Urea is one of the most stable chemical bonds against further reactions including 
hydrolysis due to the conjugation stabilization effects of its dual amide structure. However, urea 
bonds can be destabilized by incorporating bulky substituents to one of its nitrogen atoms, by 
means of disturbing the orbital co-planarity of the amide bonds that diminishes the conjugation 
effect (Scheme 4.1).18 Urea bonds bearing a bulky substituent, or hindered urea bonds (HUBs), 
can reversibly dissociate into isocyanate and amines and show interesting dynamic property.  The 
fast reversible reactions between HUBs and isocyanates/amines have been the basis in our recent 
design of self-healing polyureas.19 Because isocyanates can be subject to hydrolysis in aqueous 
solution to form amines and carbon dioxide, an irreversible process that shifts the equilibrium to 
favor the HUB dissociation reaction and eventually lead to irreversible and complete degradation 
of HUBs (Scheme 4.1), we reason that HUBs can be used to design easily available hydrolysable 
polymers potentially for the numerous applications abovementioned.  Herein, we report the 
development of HUB-based polyureas that can be hydrolyzed with hydrolytic degradation kinetics 
tunable by the steric hindrance of the HUB structures.  
 
Scheme 4.1 Illustration of hydrolysis mechanism of hindered urea bonds (HUBs). Urea bond is 
destabilized by bulky substituents induced bond rotation and loss of conjugation effect. 
 
4.2 Materials and methods 
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4.2.1 General 
Materials. Anhydrous dimethylformamide (DMF) was dried by a column packed with 4Å 
molecular sieves. m-Xylylene diisocyanate was purchased from TCI America (Portland, OR, USA) 
and used as received. Tri-functional homopolymer of hexamethylene diisocyanate (HDI) 
(Desmodur N3900, Bayer MaterialsScience) was obtained from Innovadex. All deuterated 
solvents were purchased from Cambridge Isotope Laboratories, Inc. and used as received. All other 
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received unless 
otherwise specified. 
Instrumentation. NMR spectra were recorded on Varian U400 (400 MHz), U500 (500 MHz), 
VXR-500 (500 MHz), UI500NB (500 MHz) spectrometer. Gel permeation chromatography (GPC) 
experiments were performed on a system equipped with an isocratic pump (Model 1100, Agilent 
Technology, Santa Clara, CA, USA), a DAWN HELEOS multi-angle laser light scattering detector 
(MALLS detector, Wyatt Technology, Santa Barbara, CA, USA) and an Optilab rEX refractive 
index detector (Wyatt Technology, Santa Barbara, CA, USA). The detection wavelength of 
TREOS was set at 658 nm. Separations were performed using serially connected size exclusion 
columns (102 Å, 103 Å, 104 Å, 105 Å and 106 Å Phenogel columns, 5 µm, 300 × 7.8 mm, 
Phenomenex, Torrance, CA, USA) using DMF as the mobile phase.  
 
4.2.2 Determination of binding constants of hindered urea bonds  
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If the binding constant of urea is large, it is difficult to determine the binding constant Keq directly 
through the equilibrium concentrations of isocyanate, amine and urea species. The Keq of the 
hindered urea bond increases with the decrease of the substituents bulkiness. To accurately 
determine the binding constants, we used an ‘indirect’ method through equilibrium reactions 
between different urea species. (All used CDCl3 as the solvent) 
 
K1~K5 are mostly in the range that can all be accurately determined by 
1H NMR, we could 
determine Keq by:  
321eq KKKK  (when R3=t-Bu, R4=Et) or 54321eq KKKKKK  (when R3=i-Pr, 
R4=Et) 
 
4.2.3 Determinations of dissociation rates of hindered urea bonds 
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The dissociation kinetics (k-1) of hindered urea compounds 2~5 were determined (Figure C12-C15, 
respectively). To urea compounds were added butyl isocyanate to capture the released free amine. 
The rates of consumption of urea compounds were monitored by 1H NMR at 37 oC and dissociation 
rates were calculated based on those data. (All used CDCl3 as the solvent) 
 
4.2.4 Determination of hydrolysis kinetics of hindered urea bonds 
 
We compared the hydrolysis kinetics of urea 1~5 by comparing the percentage of hydrolysis after 
24 h at 37 oC environment. Urea 1~5 were dissolved in mixture of d6-DMSO and D2O (v(d6-
DMSO):v(D2O)=5:1) with concentration of 0.1 M. After incubation at 37 
oC for 24 h, 1H NMR 
spectra were collected to characterize the percentage of hydrolysis (through the ratio of produced 
amine and original urea).  
 
4.2.5 Synthesis of hindered polyurea 
Synthesis of polymer (poly(6/9)): Equal molar 1,3-bis(isocyanatomethyl)cyclohexane (6, 1.94 g, 
10.0 mmol) and N,N'-di-tert-butylethylene-diamine (9, 1.72 g, 10.0 mmol) were dissolved in DMF 
(10 g). The mixture was stirred at room temperature overnight vigorously. The polymer solution 
was directly used for GPC characterization and degradation study. Equal molar of 6 (0.194 g, 1.0 
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mmol) and 9 (0.172 g, 1.0 mmol) were mixed in CDCl3 (1.0g). The solution was stirred at room 
temperature overnight vigorously, diluted by a factor of 10, and directly characterized by NMR 
without purification. Polymer solution in DMF was precipitated by ether (100 mL × 3). The white 
solid was collected by centrifuge and dried by vacuum oven overnight (yield: 90%, Mn = 22K, 
PDI = 1.55). The obtained solid was used for TGA and DSC characterizations. 
Synthesis of polymer (poly(7/9)): Equal molar m-xylylene diisocyanate (7, 1.88 g, 10.0 mmol) 
and N,N'-di-tert-butylethylene-diamine (9, 1.72 g, 10.0 mmol) were dissolved in DMF (10 g). The 
mixture was stirred at room temperature overnight vigorously. The polymer solution was directly 
used for GPC characterization and degradation study. Equal molar of 7 (0.188 g, 1.0 mmol) and 9 
(0.172 g, 1.0 mmol) were mixed in CDCl3 (1.0g). The solution was stirred at room temperature 
overnight vigorously, diluted by a factor of 10, and directly characterized by NMR without 
purification. Polymer solution in DMF was precipitated by ether (100 mL × 3). The white solid 
was collected by centrifuge and dried by vacuum oven overnight (yield: 92%, Mn = 22K, PDI = 
1.33). The obtained solid was used for TGA and DSC characterizations. 
Synthesis of polymer (poly(8/10)): Equal molar 1,3-Bis(1-isocyanato-1-methylethyl)benzene (8, 
2.44 g, 10.0 mmol) and N,N'-di-iso-propylethylene-diamine (10, 1.44 g, 10.0 mmol) were 
dissolved in DMF (10 g). The mixture was stirred at room temperature overnight vigorously. The 
polymer solution was directly used for GPC characterization and degradation study. Equal molar 
of 8 (0.244 g, 1.0 mmol) and 10 (0.144 g, 1.0 mmol) were mixed in CDCl3 (1.0g). The solution 
was stirred at room temperature overnight vigorously, diluted by a factor of 10, and directly 
characterized by NMR without purification. Polymer solution in DMF was precipitated by ether 
(100 mL × 3). The white solid was collected by centrifuge and dried by vacuum oven overnight 
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(yield: 87%, Mn = 44K, PDI = 1.45). The obtained solid was used for TGA and DSC 
characterizations. 
Synthesis of polymer (poly(6/10)): Equal molar 1,3-bis(isocyanatomethyl)cyclohexane (6, 1.94 
g, 10.0 mmol) and N,N'-di-iso-propylethylene-diamine (10, 1.44 g, 10.0 mmol) were dissolved in 
DMF (10 g). The mixture was stirred at room temperature overnight vigorously. The polymer 
solution was directly used for GPC characterization and degradation study. Equal molar of 6 (0.194 
g, 1.0 mmol) and 10 (0.144 g, 1.0 mmol) were mixed in CDCl3 (1.0g). The solution was stirred at 
room temperature overnight vigorously, diluted by a factor of 10, and directly characterized by 
NMR without purification. Polymer solution in DMF was precipitated by ether (100 mL × 3). The 
white solid was collected by centrifuge and dried by vacuum oven overnight (yield: 95%, Mn = 
120K, PDI = 1.72). The obtained solid was used for TGA and DSC characterizations. 
 
4.2.6 Water degradation of linear hindered polyurea 
To 500 µL as prepared DMF solution of each polymer, 25 µL water was added. The mixture was 
incubated at 37 oC with vigorous stirring. Samples were taken out at different time intervals for 
monitoring of molecular weight change by GPC.  
 
4.2.7 Water degradation of cross-linked hindered polyurea 
Water degradation of hydrophobic cross-linked hindered polyurea. Tri-functional 
homopolymer of hexamethylene diisocyanate (11, 100 mg, 0.198 mmol) was dissolved in DMF 
(650 µL). A solution of N,N'-di-tert-butylethylene-diamine (9, 51.4 mg, 0.299 mmol) in DMF (205 
µL) and water (50 µL) was added. The mixture was homogenized for 5 s and let sit for 1 min at 
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room temperature for gelation to happen. After that, the gel was incubated at 37 oC for degradation 
study. 
Water degradation of hydrophilic cross-linked hindered polyurea. Poly(ethylene glycol) 
methyl ether methacrylate (12, 4.13 g, 8.26 mmol), 2-Isocyanatoethyl methacrylate (S23, 128 mg, 
0.826 mmol), N,N'-di-tert-butylethylene-diamine (9, 71.2 mg, 0.413 mmol) and 2-Hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone (S24, 40 mg, dissolved in 40 µL DMSO) were mixed and 
irradiated by UV (365 nm, 40 mW/cm2) for 15 min to yield cross-linked polymer G1. G1 was 
divided and transferred into 15 mL centrifuge tubes with each one containing 300 mg polymer. 
Polymer was first immersed in deionized water for 12 h at 37 oC to remove all the unreacted 
monomers, solvent and photo initiator. After that the tubes were filled with PBS and incubated at 
37 oC to start water degradation study. At different time point, samples were taken out and washed 
with deionized water for 3 times and weighed after drying by lyophilization. Degree of weight loss 
was used to characterize the degradation kinetics. The experiments were repeated in triplicate. As 
negative control, N,N'-di-iso-propylethylene-diamine (10, 59.5 mg, 0.413 mmol) instead of N,N'-
di-tert-butylethylene-diamine were used to synthesize cross-linked polymer G2. Water 
degradations of G2 were characterized with the same procedures. 
 
4.3 Results and discussions 
4.3.1 Water degradation of HUB small molecules 
The property of a dynamic covalent bond can be expressed by its Keq, the binding constant showing 
the thermodynamic stability of the dynamic bond, and its k-1, the dissociation rate of the dynamic 
bond.  According to the hydrolytic degradation mechanism of a HUB shown in Figure 4.1a, the 
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rate of hydrolysis equals to the rate of the formation of product D, which can be expressed by 
Equation (1) considering addition of B and water is the rate-determining step:  
 (ℎ𝑦   𝑙𝑦   )  
 [𝑫]
  
   𝑘2[𝑩][𝐻2𝑂]                    (1) 
Since the isocyanate B is a dissociative intermediate with very low concentration, a steady-state 
approximation expressed as Equation (2) is thus deduced: 
𝑘2[𝑩][𝐻2𝑂] + 𝑘1[𝑩][𝑪]  𝑘−1[𝑨]                        (2) 
As Keq = k1/k-1, Equation (3) can thus be deduced from Equation (1) and (2):  
 (ℎ𝑦   𝑙𝑦   )  
𝑘2[𝑨][𝐻2𝑂]
𝐾𝑒𝑞[𝑪] +
𝑘2
𝑘−1
 [𝐻2𝑂]
                   (3) 
According to Equation 3, the hydrolysis kinetics is related to both Keq and k-1, with smaller Keq and 
larger k-1 giving faster hydrolysis. This is consistent with the notion that more dynamic HUBs 
(more bulky N-substituents) give faster hydrolytic degradation. To confirm this, we analyzed the 
dynamic parameters19a and the hydrolysis kinetics of five different HUB-containing model 
compounds (1-5, Figure 4.1b) with their dynamicity and hydrolytic degradation parameters 
summarized in Figure 4.1c (see all the measurement details in Figure C1~C20). All five 
compounds were synthesized by mixing the corresponding isocyanates and amines at 1:1 molar 
ratio. Compounds 1-3 have similar bulkiness, which are all based on 1,1-tert-butylethylurea 
(TBEU, R3 = tert-butyl) structure. They show nearly identical k-1. Compounds 4 and 5 have less 
bulky 1-iso-propyl-1-ethylurea (IPEU, R3 = iso-propyl) structure, which show lower dynamicity 
than 1-3 (higher Keq and lower k-1). For these two IPEU based compounds, 4 shows higher 
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dynamicity than 5 with lower Keq and higher k-1 due to its more bulky isocyanate structure (more 
bulky R1 and R2). 
 
Figure 4.1 Dynamicity and hydrolytic degradation of HUB-containing model compounds: (a) 
Parameters related to the hydrolytic degradation of HUBs; (b) Structures of five HUB-containing 
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Figure 4.1 (cont.) model compounds; (c) Binding constants (Keq), dissociation rate (k-1) and water 
degradation kinetics of five HUB-containing model compounds shown in (b); (d) Representative 
NMR spectra showing the degradation of 3. The percentage of hydrolysis was determined by the 
integral ratio of peaks corresponding to starting compounds and hydrolysis products as shown in 
the inset. 
 
We went on to analyze the hydrolytic degradation profiles of 1-5 by 1H NMR. The compound was 
dissolved in a mixture of d6-DMSO and D2O (v(d6-DMSO)/v(D2O)=5:1). The percentage of the 
hydrolyzed products was analyzed after the mixture was incubated for 24 h at 37 oC (Figure 4.1d; 
the hydrolytic degradation of 3 was shown as an example). All three TBEU based compounds (1-
3) showed over 50% of hydrolytic degradation of their urea bonds, with 2 showing the fastest 
degradation (85%) due to its lowest Keq. Compound 4, bearing less bulky (less dynamic) IPEU 
structure, showed slower hydrolytic degradation (~10%) compared to 1-3.  No detectable 
hydrolysis was observed for compound 5 because of its least substituent bulkiness (lowest 
dynamicity, Figure 4.1c). These results are consistent with the conclusion drawn from Equation 3. 
 
4.3.2 Water degradation of HUB based linear polymers 
We next examined if polymers bearing HUBs (pHUBs) could also be degraded by water. Linear 
pHUBs were synthesized by mixing diisocyanates and diamines at 1:1 molar ratio in DMF. 
Although the bulky substituents in HUBs destabilize the urea bond, the HUBs still have 
sufficiently large binding constants (Keq ~105, see Figure 4.1c) to form high molecular weight 
polymers. Poly(6/9), poly(7/9), poly(8/10), and poly(6/10), four different pHUBs with descending 
dynamicity, were prepared by mixing the corresponding diisocyanate (1,3-
bis(isocyanatomethyl)cyclohexane (6), 1,3-bis(isocyanatomethyl)benzene (7) or 1,3-bis(1-
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isocyanato-1-methylethyl)benzene (8)) and diamine (N,N'-di-tert-butylethylenediamine (9) or 
N,N'-di-iso-propylethylenediamine (10)).  The HUB structure of poly(6/9), poly(7/9), poly(8/10) 
and poly(6/10) resembles the corresponding model compounds 2-5 (Figure 4.2a). The Mn’s of 
these four polymers were 22, 22, 44 and 120 KDa, as characterized by gel permeation 
chromatography (GPC), and showed correlation with their Keq’s. To study the hydrolytic 
degradation of these pHUBs, 5% of water was added to the DMF solutions of each polymer. These 
solutions were vigorously stirred and incubated at 37oC, and the molecular weights were monitored 
by GPC at selected time. MW decrease was observed for TBEU based poly(6/9) and poly(7/9) 
(Figure 4.2b). For IPEU based polymers, poly(8/10) showed limited degradation, while poly(6/10) 
barely showed any change of its Mn after 24 h (Figures 4.2c and C25~C28). After incubation for 
48 h, the percentages of MW reduction for poly(6/9), poly(7/9) and poly(8/10) were  88%, 81% 
and 43%, respectively.  The MW of poly(8/10) did not further decrease for elongated incubation 
(Figure 4.2c), which could be attributed to the increase of free amine concentration that inhibits 
degradation (see Equation 3, larger [C] gives lower degradation rate). The alteration of polymer 
hydrolysis kinetics with the change of HUB bulkiness was consistent with the results derived from 
the study of small molecular model compounds 1-5.  
 
4.3.3 Water degradation of HUB based cross-linked polymers 
To further demonstrate the hydrolytic degradation of TBEU based polymer, we prepared a cross-
linked organogel by mixing tri-isocyanate 11 with diamine 9 in DMF containing 5% water. 
Because isocyanate reacts with amine much faster than with water, 9 and 11 first reacted to form 
polyurea gel. The added water slowly hydrolyzed the TBEU bond, which led to the collapse of the 
gel after the gel was incubated 24 h at 37 oC (Figures 4.3a and 4.3c). 
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Figure 4.2 Water degradation of HUBs based linear polymers (pHUBs). (a) synthesis of four 
different types of pHUBs by simply mixing diisocyanates and diamines; (b) GPC curves showing 
water degradation of poly(6/9) and poly(7/9) in H2O/DMF=5:95 after 24 h incubation at 37 oC; (c) 
Plot showing molecular weight reduction of four polymers drawn in (a) in H2O/DMF=5:95 for 
various incubation time at 37 oC. 
 
To study pHUBs degradation in aqueous solution and explore the potential of pHUBs for 
biomaterials applications, we designed hydrophilic polymers bearing HUB cross-linkers. To 
poly(ethylene glycol) methyl ether methacrylate monomer (Mn~500), we added HUB containing 
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dimethacrylate 13-14 as cross-linkers and Irgacure 2959 as the photoinitiator. The HUBs structures 
in 13-14 are TBEU and IPEU, respectively. The mixtures were irradiated by UV light (365 nm) to 
prepare the cross-linked polymers G1 and G2 (Figure 4.3b). We first did dynamic exchange study 
of G1 and G2 by immersing them in DMF in the presence or absence of hexylamine. In the absence 
of hexylamine, both two gels swelled, demonstrating they are cross-linked polymers.  In the 
presence of hexylamine, only G1 was dissolved while G2 stayed intact. This experiment 
demonstrated that TBEU-containing G1 has much faster dynamic exchange than G2, which is the 
requisite for efficient water degradation. For the water degradation study, we immersed G1 and 
G2 into phosphate buffered saline (PBS) and monitored the weight change at various time with 
the incubation at 37 oC (gels were pre-treated with deionized water with short time to remove all 
the unreacted monomers).2d The weights of G2 remained nearly unchanged after incubation for 9 
days. In contrast, G1 showed consistent weight decrease and completely disappeared after 
incubation for 4 days (Figure 4.3b). We should notice that the degradation of TBEU might give a 
stable urea as the product since the amine from hydrolysis of isocyanate might react with another 
isocyanate molecule (as shown in the example in Figure 4.1d), which will hold the network without 
complete degradation. However, we observed complete degradation of G1 in PBS, which meant 
that the formation of stable urea rarely happened in this case. Several reasons might explain the 
reduced probability of urea coupling: i) much higher water concentration in pure water 
environment than organic solvent environment; ii) protonation of amine groups in buffered neutral 
pH reduces reactivity; iii) amine groups are embedded by long oligo-ethylene glycol chains, which 
block their reaction of the exposed isocyanate. 
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Figure 4.3 Water degradation of HUBs based cross-linked polymers (pHUBs). (a) Triisocyanate 
and diamine cross-linked into organogel in DMF with the pre-addition of water; (b) Synthesis of 
urea based cross-linked hydrophilic polymer G1 and G2 by UV polymerization; (c) Organogel 
synthesized from (a) collapsed into solution after 24 h incubation at 37 oC. (d) Weight change of 
G1 (black curve) and G2 (red curve) after immersing in PBS for variant time. Data represent 
averages of triplicate experiments. Error bars are standard deviation (n = 3). 
4.4 Conclusion 
In conclusion, we demonstrated the potential of HUBs for the design of water degradable 
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HUBs lead to faster water degradations. The same trend applies to the polymeric materials, with 
TBEU as one of the HUBs having the appropriate bulkiness for both sufficient binding stability 
for polymer formation and efficient dynamicity for water degradation. TBEU based linear 
polymers degrades to 10%~20% of their original size within 2 days. TBEU is also incorporated 
into cross-linked hydrogel materials which render complete water dissolution of the hydrogel 
within 4 days, making pHUBs alternative building blocks of hydrolysable hydrogels. pHUBs 
provide a great new platform for the engineering of hydrolysable materials. Firstly, the degradation 
kinetics could be directly controlled by substituents bulkiness. While we have demonstrated the 
use of TBEU for water degradable materials within days under mild conditions, less bulky urea 
might be used for applications which need longer lasting time or harsher degradation conditions 
(such as poly(8/10) or its derivatives). Secondly, different from traditional hydrolysable polymers, 
pHUBs could be synthesized by simple mixing amine and isocyanate at ambient condition with no 
catalyst and further purification needed and no byproducts generated, which made it possible for 
end-users to control the copolymer recipe for specific use without the need of complicated 
synthesis apparatus. Additionally, a large number of isocyanates monomers have been developed 
for use in the polyurethane and polyurea plastic industry, which can be used to react with amines 
with N-bulky substituents to give a very large library of hydrolysable polymers with versatile 
structures and functions. 
 
* For figure C series and compounds numbering starting with C, please refer to appendix C. 
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APPENDIX A 
SUPPLEMENTARY FIGURES AND NOTES FOR CHAPTER 2 
(All numbering of compounds correspond to those in chapter 2) 
 
 
Figure A1. Thermodynamic equilibrium of the TMPCA bond at different initial ratios of 
1:2a. (a) 1H NMR spectrum of the mixture of compound 1 and 2a at initial ratio of 1.15:1 and the 
produced compound 3a in CDCl3. The spectrum was taken 30 min after 1 and 2a were mixed. (b) 
a
b
c
≈ ≈
≈ ≈
≈ ≈
 [1]0 (M) [2a]0 (M) [1]eq (M)  [2a]eq (M)  [3a]eq (M)  Keq (M
-1
) 
a) 0.160 0.139 0.049  0.028  0.111  81  
b) 0.147 0.180 0.025 0.058  0.122  84  
c) 0.157 0.270 0.013  0.126  0.144  88  
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Figure A1 (cont.) 1H NMR spectra of 1 and 2a mixture with different initial concentrations at 
room temperature (see Supplementary Fig. 1c for the initial concentrations of 1 and 2a). All spectra 
showed coexistence of compound 1, 2a and 3a when the equilibrium was reached. (c) 
Concentrations of 1, 2a and 3a with calculated equilibrium constants from each experiment with 
different initial ratios of 1:2a at room temperature. Different initial ratios of 1:2a gave identical 
Keq values, demonstrating that the mixture is in thermodynamic equilibrium.  The equilibrium 
concentrations of 1 and 2a and the calculated equilibrium constants did not change once the 
equilibrium was reached.  
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Figure A2. Thermodynamic equilibrium of the TMPCA bond at different temperatures. (a) 
1H NMR spectra of the mixture of compound 1 and 2a at initial concentration of 0.110 M and 
0.107 M, respectively, at different temperatures (see Supplementary Fig. 1a for complete 
a
b
c
T(
o
C) [1]0 (M) [2a]0 (M) [1]eq (M)  [2a]eq (M)  [3a]eq (M)  Keq (M
-1
) 
22  0.110 0.107 0.032  0.029  0.078  84  
30  0.110 0.107 0.037 0.034  0.073  58  
40  0.110 0.107 0.042  0.039  0.068  42  
50  0.110 0.107 0.053  0.050  0.057  22  
55  0.110 0.107 0.057  0.054  0.053  17  
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Figure A2 (cont.) assignments of peaks). Dissociation is more favoured at higher temperature. (b) 
Concentrations of 1, 2a and 3a with calculated equilibrium constants at different temperatures. 
Equilibrium constants decrease with the increase of solution temperature. (c) Plot of linear 
regression of the logarithm of equilibrium constant lnKeq vs. reciprocal of temperature 1/T. The 
equilibrium reaction follows Arrhenius’ relationship with thermodynamic constant calculated as 
follows: ΔH = -39 kJ mol-1; ΔS = -94 J mol-1 K-1 
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Figure A3. Determination of equilibrium constant of the TBIPU bond. (a) 1H NMR spectrum 
of the mixture of compound 1, 2a, 2b (and the produced compound 3a, 3b) in CDCl3. Peaks were 
assigned to each compound. The spectrum was taken 12 h after mixing.  (b) The peaks K’, K, F 
and F’ of the NMR spectrum in the Supplementary Fig. 3a were integrated and used for the  
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Figure A3 (cont.) calculation of the concentration of each species. 
)][]/([][]([' eqeqeqeq 2b3a2a3b K = 63, TMPCA eq,TBIPU eq, ' KKK  = 88 × 63 = 5.6 × 10
3 M-1. 
 
 
Figure A4 Determination of the equilibrium constant of the TBEU bond.  (a) 1H NMR 
spectrum of the mixture of compound 1, 2b and 2c (and the produced compound 3b and 3c) in 
CDCl3. The spectrum was taken 24 h after mixing.  (b) The peaks G, K’, G’ and K of the NMR 
spectrum in the Supplementary Fig. 4a were integrated and used for the calculation of the 
concentration of each species. )][]/([][]([' eqeqeqeq 2c3b2b3c K = 141, TBIPU eq,TBEU eq, ' KKK 
= 5.6 × 103 M-1 × 141 = 7.9 × 105 M-1 
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Figure A5. The dissociation kinetics of the TBEU bond.  (a) 1H NMR spectrum of the mixture 
of 1’ (10.4 mg, 0.105 mmol), 3c (12.2 mg, 0.048 mmol) and the produced compound 1 and 3c’ in 
CDCl3 (500 μL). The spectrum was taken 48 h after 1’ and 3c were mixed.  (b) 1H NMR spectra 
showing exchange reaction between 3c and 1’ at room temperature for different reaction time. The 
consumption rate of 3c was used to calculate the dissociation rate of the TBEU bond with the 
following equation:  
h 3.0
0.88ln 
T
][
][
ln
0
1 
3c
3c
-k = 0.042 h
-1 (T: reaction time)                          (1) 
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Figure A6. The dissociation kinetics of the DIPU bond. (a) 1H NMR spectrum of the mixture 
of compound 1’ (9.9 mg, 0.100 mmol) and 3d (14.0 mg, 0.055 mmol), and the produced compound 
1 and 3d’ in CDCl3 (500 μL). The spectrum was taken 48 h after 1’ and 3d were mixed.  (b) 1H 
NMR spectra showing exchange reaction between 3d and 1’ at 37oC. The consumption rate of 3d 
was used to calculate the dissociation rate of the DIPU bond with the following equation:  
h 48.0
0.93ln 
T
][
][
ln
0
1 
3d
3d
-k = 0.0015 h
-1                                      (2) 
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Figure A7. The Dissociation kinetics of the DEU bond.  (a) 1H NMR spectrum of the mixture 
of 1’ (6.7 mg, 0.067 mmol) and 3e (16.0 mg, 0.070 mmol), and the produced compounds 1 and 3e’ 
in CDCl3 (500 μL). The spectrum was taken 48 h after 1’ and 3e were mixed.  (b) 1H NMR spectra 
showing exchange reaction between 3e and 1’ at 37oC. The consumption rate of 3e was used to 
calculate the dissociation rate of DEU bond with the following equation:  
h 48.0
0.95ln 
T
][
][
ln
0
1 
3e
3e
-k = 0.0011 h
-1                                          (3) 
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Figure A8. Dynamic exchange between compounds 3c and 2f.  (a) 1H NMR spectrum of the 
mixture of 3c and 2f, and the produced compound 3f and 2c in CDCl3 (500 μL). The spectrum was 
taken 2 h after 3c and 2f were mixed.  (b) Change of the concentrations of compound 3c and 2c  
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Figure A8 (cont.) over time showing the progress of exchange reaction. (A=
13.0
][][
c][
eqeq
eq

 2c3c
3
).  (c) Linear regression of A)-
][
][
ln(
03c
3c
~ t. 
    
  
Figure A9. Chain reshuffling of two TBEU-based polymers with different molecular weights. 
GPC curves (light scattering signal) showing two poly(4a/5c)s with different molecular weights, 
the black curve for poly(4a/5c)-1 (Mn1 = 1.3 × 10
4 g/mol) and the red curve for poly(4a/5c)-2 (Mn 
2= 2.8 × 10
3 g/mol).  After they were mixed and stirred for 12 h at 37 oC, the original GPC curves 
of poly(4a/5c)-1 and poly(4a/5c)-2 disappeared and a new monomodal GPC curve was observed 
(blue curve, Mn = 4.8 × 10
3 g/mol) with a retention time between the two original peaks. 
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Figure A10. Dynamic property of TMPCA-based poly(4a/5a). GPC curves (light scattering 
signal) of poly(4a/5a) prepared with equal molar 4a and 5a at room temperature for 12 h. Only 
oligomers were obtained because of the low binding constant of the TMPCA bond. 
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Figure A11. Dynamic property of DIPU-based poly(4a/5d). GPC curves from the light 
scattering detector of poly(4a/5d) prepared with 4a and 5d.  (a) [4a]0:[5d]0 = 1:1 in DMF. (b) One 
equiv of 5d was added to (a) to make [4a]0:[5d]0 = 1:2. No significant change of GPC peak was 
observed with the addition of 5d after the solution was stirred for 12 h at 37 oC, substantiating that 
DIPU is very stable, shows nearly no dynamic property, and is subject to limited dissociation and 
bond exchange reactions.    
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Figure A12.  Stability of TBEU-containing compound 3c in water. (a) Hydrolysis of TBEU-
containing compound 3c. (b) The NMR spectrum of the freshly prepared 3c (11.5 mg) solution 
in d6-DMSO (0.5 mL) containing H2O (5 mg, 1% in DMSO) (taken at t = 120 h).   
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Figure A12 (cont.). Stability of TBEU-containing compound 3c in water.  (c) The NMR 
spectrum of the freshly prepared solution of the mixture of 3c (11.5 mg) and 2c (8.6 mg) in d6-
DMSO (0.5 mL) containing H2O (5 mg, 1% in DMSO) (taken at t = 120 h). (d) The overlay of the 
NMR spectra of (b) taken at t = 0 and the same solution retaken 120 h later at room temperature. 
(e) The overlay of the NMR spectra of (c) taken at t = 0 and the same solution retaken 120 h later 
at room temperature. After 120 h, partial hydrolysis (production of 7) of the TBEU bond was 
observed for the solution without compound 2c (d), while the hydrolysis of TBEU bond was 
negligible for the solution containing compound 2c (e).  
A
B
C
D
E
G
G’ F’
H
A’
B’
C’
D’
E’
F H’I
I’
≈ ≈
I I’
B’
B A
A’
D
D’
H2O
E E’
F
d5-DMSO
C
C’
H
G H’
G’F’
I
B A
D
H2O
E
F
C
H
G
G’
F’
H’
≈ ≈
c
b
a
e
d
92 
 
 
 
 
Figure A13.  Reaction between a TBEU-containing hindered urea and 1-butanol. NMR 
analysis showed that about 60% of the hindered amine was replaced by alcohol from hindered urea 
after 12 h at 60oC in the presence of the tin catalyst DBTDA. 
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Figure A14.  Dynamic exchange property of urethane bond. To evaluate whether the dynamic 
property of 6c is exclusively due to the hindered urea bond or due to both the hindered urea bond 
and the urethane bond in this network polymer, we designed this experiment to analyse the stability 
of the urethane bond against an amine (2f, a) or an alcohol (benzyl alcohol, b) under the self-
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Figure A14 (cont.) healing condition (37oC in the presence of the tin catalyst). (a) The overlay of 
the NMR spectra of the mixture of 2-((butoxycarbonyl)amino)ethyl methacrylate (compound 8, 
10.0 mg, 0.044 mmol), 2f (10.0 mg, 0.115 mmol) and dibutyl tin diacetate (1.0 mg, 0.003 mmol) 
in CDCl3 (550 µL) at t = 0 and after incubation at 37
oC for 24 h. (b) The overlay of the NMR 
spectra of the mixture of 2-((butoxycarbonyl)amino)ethyl methacrylate (compound 8, 10.0 mg, 
0.044 mmol), benzyl alcohol (11.5 mg, 0.106 mmol) and dibutyl tin diacetate (27.9 mg, 0.080 
mmol) in CDCl3 (550 µL) at t = 0 and after incubation at 37
oC for 24 h.  No obvious changes were 
observed in 1H-NMR spectra in both (a) and (b), which demonstrated that urethane bond is stable 
under the self-healing condition. 
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Figure A15. Thermal stability of 6c.  No decomposition or phase transition was observed for 6c 
according to DSC after it was heated to 300 oC, demonstrating the thermal stability of TBEU based 
material.  DMF was removed in the first cycle. 
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Figure A16. Characterization of Tg of 6a, 6c and 6e. DSC curves of cross-linked poly(urea-
urethane) 6a, 6c and 6e. See Table 2.2 for detailed Tg data.  
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Figure A17.  Swelling and amine-induced degradation of 6c.  When 6c was put in DMF, it 
swelled (570% of its initial weight, 24 h incubation at 37 oC) rather than being dissolved in DMF 
(left). This experiment demonstrated that 6c is a cross-linked network polymer. When 2f (2 equiv 
relative to TBEU bonds) was added to DMF containing 6c, degradation of 6c network structure 
was observed (right) after 24 h incubation at 37 oC, demonstrating the dynamic property of TBEU 
bonds capable of exchange reaction with the added amine 2f. Trypan blue dye was added after 24 
h incubation in order to enhance the contrast of solution/gel interface in the photographs. 
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Figure A18. Self-healing efficiencies of 6a after healing for 3, 6 and 16h.  Good breaking strain 
recovery was observed after 6a was healed for 3 h. However, the breaking strain decreased with 
prolonged healing because of the irreversible hydrolysis of the isocyanate at the cut site. 
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Figure A19.  The dimension of the dog-shaped specimen used in the study (unit: mm, thickness: 
2.0 mm). 
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Table A1. The binding constants and dissociation kinetics of urea compounds prepared with 
two isocyanates (1 and 1’’ cyclohexanemethyl isocyanate) with different substituent 
bulkiness and three amines (2a-c).a  
  
a See the Method section and the Supplementary Note 1 for methods used for determination of the 
binding constants and exchange kinetics. Experiments were performed at room temperature unless 
otherwise noted.  These two different urea structures show similar dynamic property (especially 
nearly identical k-1).  
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Supplementary Note A1. The equilibrium constants of TBIPU and TBEU bond 
 
Because the binding constants of TBIPU and TBEU are fairly large, it is difficult to determine the 
equilibrium concentrations of the isocyanate, amine and urea species.  Only in a very dilute 
solution, we were able to observe the coexistence of all three species. To accurately determine the 
binding constants, we used an ‘indirect’ method through equilibrium reaction between different 
urea species.  
Since we already got the binding constant of TMPCA bond Keq, TMPCA, 
                              (4) 
we reasoned that if we let TMPCA and TBIPU reach equilibrium and calculate the constant K’ 
between them, 
                          (5) 
by combining the two equations above, we would have the following equation (Equation 6). 
                                     (6) 
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We can get the Keq, TBIPU through the equation 7.  
TMPCA eq,TBIPU eq, ' KKK                                                        (7) 
Similar method can be used to determine the binding constant of TBEU with the known Keq, TBIPU. 
 
Determination of the equilibrium constants of TBIPU bond.  
 
2-Isocyanatoethyl methacrylate (1, 24.4 mg, 0.157 mmol), 2,2,6,6-tetramethylpiperidine (2a, 21.9 
mg, 0.155 mmol) and N-tertbutyl-N-isopropyl amine (2b, 17.4 mg, 0.151 mmol) were dissolved 
in CDCl3 (0.55 mL) and added to a NMR tube. 
1H NMR spectra were collected 12 h after mixing 
at room temperature after equilibrium was reached (Supplementary Fig. 3). The equilibrium 
constant of the reaction K’ was calculated according to the ratio of the concentration of each 
species: 
)][]/([][]([' eqeqeqeq 2b3a2a3b K                                              (8) 
The equilibrium constant of TBIPU was calculated based on Equation 7. 
 
Determination of the equilibrium constants of TBEU bond.  
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2-Isocyanatoethyl methacrylate (1, 18.8 mg, 0.121 mmol), N-tertbutyl-N-isopropyl amine (2b, 
24.4 mg, 0.212 mmol) and N-tertbutyl-N-ethyl amine (2c, 12.2 mg, 0.121 mmol) were dissolved 
in CDCl3 (0.55 mL) and added to NMR tubes. 
1H NMR spectra were collected 24 h after mixing 
at room temperature after equilibrium was reached (Supplementary Fig. 4). The equilibrium 
constant of the reaction K” was calculated according to the ratio of the concentration of each 
species. 
)]2c[]3b/([]2b[]3c([" eqeqeqeq K                                            (9) 
The equilibrium constant of TBEU was calculated based on the equilibrium constant of TBIPU 
and K”:  
TBIPU eq,TBEU eq, " KKK                                                    (10) 
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Supplementary Note A2  Kinetic study of the dynamic exchange of amine in the TBEU bond 
 
Urea 3c (11.3 mg, 0.044 mmol) that has a TBEU moiety and tert-butylmethylamine 2f (8.8 mg, 
0.102 mmol) were mixed in CDCl3 (0.5 mL), quickly transferred to a NMR tube, and heated to 
37oC. 1H NMR spectra were collected at selected time intervals until equilibrium was reached 
(Supplementary Fig. 8). Kinetic analysis was conducted to validate the proposed mechanism: 
([M]0: initial concentration, [M]eq: equilibrium concentration) 
 
Kinetic analysis to prove the proposed equilibrium mechanism. If the exchange reaction works 
through the proposed mechanism, we have: 
]][[][
][][
11 2c1-3c
2f
-
3c
- - kk
dt
d
dt
d
                                           (11) 
Here, the concentration of isocyanate intermediate 1 can be regarded as a constant, so we have: 
 
eq
eq
1
1
eq
][
][
][][
2c
3c
11 - 
k
k
                                                 (12) 
After combining Equation 12 and 11, we can get Equation 13. 
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][
][
][
][
][
eq
eq
11 2c
2c
3c
-3c
3c
- --  kk
dt
d
                                       (13) 
Because ][-][][ 0 3c3c2c  , we will have the following equation (Equation 14). 
0
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- ----  kkkk
dt
d
  (14) 
By solving the differential equation, we can have Equation 15 and then Equation 16. 
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Aln
A1
1
A
][
][
ln 1
0
 tk-
-
-)-
3c
3c
(                                            (16) 
Here, A =
eqeq
eq
][][
][
2c3c
3c

. We obtained linear regression of A)-
][
][
ln(
03c
3c
~ t (R2 = 0.998) 
(Supplementary Fig. 8c). From the slope of the curve, we determined the dissociation rate of TBEU 
bond (k-1 = 0.21 h
-1). 
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Supplementary Note A3 Stability of the TBEU bond against hydrolysis and strategy to 
improve TBEU moisture stability. 
One possible issue of using HUB in preparing dynamic and self-healing polymers is its potential 
instability to moisture since the isocyanate intermediate produced by HUB dissociation might 
slowly react with water (Figure A12a).  Since TBEU has a large binding constant for the formation 
of urea, the concentration of the free isocyanate should be very low, which reduces the kinetics of 
degradation in moisture.  
In addition, the presence of free hindered amine should be able to further reduce the concentration 
of free isocyanate according to the equilibrium equation:  
[isocyanate] = [urea]/(Keq·[amine])                                          (17) 
thus further reduce the TBEU hydrolysis kinetics. Here, we demonstrated the hydrolysis reduction 
strategy by comparing the hydrolysis of TBEU compound 3c in 1% water/DMSO solution in the 
presence versus in the absence of free amine 2c. As we expected, after the solution was incubated 
for 5 days at room temperature, a small shoulder peak (for compound 7, ~δ = 5.7 ppm) was 
observed in the solution without 2c, depicting partial hydrolysis of the TBEU bond (Figure A12d). 
On the contrary, negligible hydrolysis was observed for sample with free amine 2c contained 
(Figure A12e). 
Existence of free amine groups in the materials. To make sure there were free amine groups 
presence in the materials. the hydroxyl and amine groups were included in larger excess relative 
to the isocyanate groups (3[TEA]+2[TEG]+2[5] > 2[4b]) in the synthesis of the self-healing 
materials (on the other side, 2[4b]>[TEA]+[TEG]+[5]+[4b] is required to make sure that gel point 
can be reached). Since the amine reacts with isocyanate much faster than the hydroxyl, all the 
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amine groups should be consumed and hydroxyl groups are excessive. However, since hindered 
urea is dynamic but urethane group is inert (Figure A14), the residual hydroxyl groups will slowly 
replace the free amine groups out with the existence of tin catalyst (DBTDA) at high temperature. 
To demonstrate this process, we used 1H-NMR to monitor the reaction of model small molecules 
in the same condition as that of cross-linked polymer synthesis. Compound 3c (10.0 mg, 0.039 
mmol) was dissolved in CDCl3 (550 µL), then butanol (4.5 mg, 0.061 mmol) and dibutyl tin 
diacetate (3.0 mg, 0.008 mmol) were added. After that, the solution was heated up to 60oC for 12 
h and characterized by 1H-NMR (Figure A13). 
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APPENDIX B 
SUPPLEMENTARY FIGURES FOR CHAPTER 3 
(All numbering of compounds correspond to those in chapter 3) 
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Figure B1.  ATR FT-IR spectra of THDI and PUU-TBAE. 
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Figure B2.  Stress-relaxation curve of PUU-TBAE at 100 oC (strain = 5%, the characteristic 
relaxation time was calculated as 32 s) 
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Figure B3. (a) Synthetic routes of PUUs thermosets. (b) Synthetic conditions and Tg 
characterizations of PUUs thermosets. 
 
 
  
Sample X Ration of X/THDI
Temperature 
(oC)
Time (h) Tg (
oC)
PUU-TBAE TBAE 1.1/0.67 60 12 53
PUU-IPAE IPAE 1.1/0.67 60 12 45
PUU-NBAE NBAE 1.1/0.67 60 12 61
a)
b)
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Figure B4. Force vs. displacement curves for PUU-TBAE films.  
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Figure B5. (a) Stress–strain curves for the dog bone shaped PUU-TBAE, PUU-IPAE, and PUU-
NBAE samples after remolded via hot press (100 oC, 300 kPa for 20 min). (b) The Young’s 
modulus and breaking strength of dog bone shaped PUU-TBAE, PUU-IPAE, and PUU-NBAE 
solid after processing. 
. 
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Sample Modulus (GPa)
Breaking Strength
(MPa)
PUU-TBAE 1.87  0.32 39.5  9.3
PUU-IPAE 0.58  0.15 3.4  2.1
PUU-NBAE 0.07  0.02 1.8  0.6
a)
b)
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Figure B6. Swelling ratios of PUU-TBAE thermoset in different solvents for 48 h at room 
temperature. 
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Figure B7. The UV-Vis absorption spectra of glass and PUU-TBAE films. 
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Figure B8. Solid 13C NMR spectra of PUU-TBAE as prepared (a) and after 5 generations of hot 
press.  
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Figure B9. 1H and 13C NMR spectra of model compound AA.  
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Figure B10. 1H and 13C NMR spectra of model compound BB.  
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Figure B11. (a) Chemical structures of model compounds (AA, BB, and AB). (b) ESI-MS 
spectra of AA (i) BB (ii) and a mixture of AA and BB (iii) at 60 oC for 24 h.  
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Figure B12. Recycling of PUU-TBAE thermoset. (a) Chemical route for dissolve the cross-
linked PUU-TBAE thermoset by adding of access of TBAE and reform the cross-linked PUU-
TBAE thermoset by adding of THDI. (b) the processing of recycling of PUU-TBAE thermoset 
by chemical and physical treatments. (i) PUU-TBAE thermoset in chloroform; (ii) PUU-TBAE 
thermoset was dissolved in chloroform by adding of 3 equiv. of TBAE at 60 oC for 12 h. (iii) 
PUU-TBAE based organogel was formed by adding of 3 equiv. of THDI at 60 oC for 12 h. (iv) 
Dog bone shaped solids were prepared via heat press of dry powders from PUU-TBAE based 
organogel after pulverization and vacuum-dry treatment. 
3 equiv. of TBAE
3 equiv. of THDI
Pulverization, Dry, 
and Hot Press
Chloroform
60 oC, 12 h
60 oC, 12 h
i) ii)
iii) iv)
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Figure B13.  1H NMR spectrum of CDCl3 solution with dissolved PUU-TBAE in 3 equiv. of 
TBAE. Sharp and labeled peaks were assigned to the excess TBAE, and the broad peaks were 
oligomers mixture from degraded PUU-TBAE. 
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Figure B14. Tensile stress–strain curves for the pristine and recycled dog bone shaped PUU-
TBAE samples. 
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Figure B15. (a) Geometry of Type V standard dog-bone shaped sample. All dimensions in mm. 
(b) The aluminum mold for preparation of Type V standard dog-bone shaped samples via hot-
press processing.  
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Figure B16. (a) Geometry of Tapered-double-cantilever-beam (TDCB) sample. All dimensions in 
mm. (b) The aluminum mold for preparation of TDCB shaped samples via hot-press processing. 
(c) An example of TDCB shaped sample of PUU-TBAE via hot-press processing.   
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APPENDIX C 
SUPPLEMENTARY FIGURES FOR CHAPTER 4 
(All numbering of compounds correspond to those in chapter 4) 
 
Determination of binding constant of urea 2 (Determination of binding constant of urea 1 with 
similar methods has been reported in ref. 18 in text) 
 
Cyclohexylmethyl isocyanante (S1, 11.1 mg, 0.080 mmol) and 2,2,6,6-tetramethylpiperidine (S2, 
8.0 mg, 0.056 mmol) were dissolved in CDCl3 (0.55 mL). 
1H NMR spectra were collected 0.5 h 
after S1 and S2 were mixed at room temperature when equilibrium was reached/peaks integral 
stopped changing (Figure C1). Concentration of each species was calculated based on the integral 
ratios of the 1H NMR signals and the initial concentrations of S1 and S2. The equilibrium constants 
were calculated as )][]([][ eqeqeq1 2S1S/3S K .  
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Figure C1 1H NMR spectrum of the mixture of compound S1 and S2. Peaks are assigned to 
each compound except for the protons in cyclohexyl group. The spectrum was taken 30 min after 
S1 and S2 were mixed. Binding constant K1 was determined as )][]([][ eqeqeq1 2S1S/3S K
-1-1 M 24M )036.0078.0/(067.0   
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Cyclohexylmethyl isocyanante (S1, 10.0 mg, 0.072 mmol), 2,2,6,6-tetramethylpiperidine (S2, 9.5 
mg, 0.067 mmol) and N-tertbutyl-N-isopropyl amine (S4, 6.8 mg, 0.059 mmol) were dissolved in 
CDCl3 (0.55 mL) and added to the NMR tubes. 
1H NMR spectra were collected 12 h after mixing 
at room temperature after equilibrium was reached/peaks integral stopped changing (Figure C2). 
The equilibrium constant of the reaction K2 was calculated according to the concentration ratio of 
each species: )][]/([][]([ eqeqeqeq2 4S3S2S5S K .  
 
Figure C2 1H NMR spectrum of the mixture of compound S1, S2, and S4 (and the produced 
compound S3, S5). Peaks are assigned to each compound except for the protons in cyclohexyl 
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Figure C2 (cont.) group. The spectrum was taken 12 h after mixing. The region containing peaks 
B, B’, F and F’ for the calculation of the concentration of each species is zoomed in. 
)][]/([][]([ eqeqeqeq2 4S3S2S5S K = 25. 
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Cyclohexylmethyl isocyanante (S1, 10.2 mg, 0.073 mmol), N-tertbutyl-N-isopropyl amine (S4, 7.2 
mg, 0.063 mmol) and N-tertbutyl-N-ethyl amine (S6, 6.7 mg, 0.066 mmol) were dissolved in 
CDCl3 (0.55 mL) and added to the NMR tubes. 
1H NMR spectra were collected 12 h after mixing 
at room temperature after equilibrium was reached/peaks integral stopped changing (Figure C3). 
The equilibrium constant of the reaction K2 was calculated according to the concentration ratio of 
each species: )][]/([][]([ eqeqeqeq3 6S5S4S2 K .  
 
Figure C3. 1H NMR spectrum of the mixture of compound S1, S4, and S6 (and the produced 
compound S5, 2). Peaks are assigned to each compound except for the protons in cyclohexyl 
group. The spectrum was taken 12 h after mixing. The region containing peaks C, C’, G and G’ 
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Figure C3 (cont.) for the calculation of the concentration of each species is zoomed in. 
)][]/([][]([ eqeqeqeq3 6S5S4S2 K = 118. 
 
So, for urea 2, 
4
321eq 1017  .,2 KKKK  M
-1 
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Determination of binding constant of urea 3  
 
Benzyl isocyanante (S7, 11.1 mg, 0.083 mmol) and 2,2,6,6-tetramethylpiperidine (S2, 9.4 mg, 
0.067 mmol) were dissolved in CDCl3 (0.55 mL). 
1H NMR spectra were collected 0.5 h after S7 
and S2 were mixed at room temperature when equilibrium was reached/peaks integral stopped 
changing (Figure C4). Concentration of each species was calculated based on the integral ratios of 
the 1H NMR signals and the initial concentrations of S7 and S2. The equilibrium constants were 
calculated as )][]([][ eqeqeq1 2S7S/8S K .  
 
Figure C4. 1H NMR spectrum of the mixture of compound S7 and S2. Peaks are assigned to 
each compound. The spectrum was taken 30 min after S7 and S2 were mixed. Binding constant 
K1 was determined as )][]([][ eqeqeq1 2S7S/8S K
-1-1 M 92M )021.0052.0/(100.0   
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Benzyl isocyanante (S7, 11.9 mg, 0.089 mmol), 2,2,6,6-tetramethylpiperidine (S2, 8.5 mg, 0.060 
mmol) and N-tertbutyl-N-isopropyl amine (S4, 6.0 mg, 0.052 mmol) were dissolved in CDCl3 
(0.55 mL) and added to the NMR tubes. 1H NMR spectra were collected 12 h after mixing at room 
temperature after equilibrium was reached/peaks integral stopped changing (Figure C5). The 
equilibrium constant of the reaction K2 was calculated according to the concentration ratio of each 
species: )][]/([][]([ eqeqeqeq2 4S8S2S9S K .  
 
Figure C5. 1H NMR spectrum of the mixture of compound S7, S2, and S4 (and the produced 
compound S8, S9). Peaks are assigned to each compound. The spectrum was taken 12 h after 
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Figure C5 (cont.) mixing. The region containing peaks B, H, H’ and E’ for the calculation of the 
concentration of each species is zoomed in. )][]/([][]([ eqeqeqeq2 4S8S2S9S K = 43. 
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Benzyl isocyanante (S7, 10.7 mg, 0.080 mmol), N-tertbutyl-N-isopropyl amine (S4, 7.5 mg, 0.065 
mmol) and N-tertbutyl-N-ethyl amine (S6, 7.9 mg, 0.078 mmol) were dissolved in CDCl3 (0.55 
mL) and added to the NMR tubes. 1H NMR spectra were collected 12 h after mixing at room 
temperature after equilibrium was reached/peaks integral stopped changing (Figure C6). The 
equilibrium constant of the reaction K3 was calculated according to the concentration ratio of each 
species: )][]/([][]([ eqeqeqeq3 6S9S4S3 K .  
 
Figure C6. 1H NMR spectrum of the mixture of compound S7, S4, and S6 (and the produced 
compound S9, 3). Peaks are assigned to each compound. The spectrum was taken 12 h after  
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Figure C6 (cont.) mixing. The region containing peaks C, C’, H and H’ for the calculation of the 
concentration of each species is zoomed in. )][]/([][]([ eqeqeqeq3 6S9S4S3 K = 140. 
 
So, for urea 3, 
5
321eq 1055  .,3 KKKK M
-1 
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 Determination of binding constant of urea 4  
 
3-Isopropenyl-α,α-dimethybenzyl isocyanate (S10, 14.0 mg, 0.069 mmol) and N-tertbutyl-N-ethyl 
amine (S6, 7.8 mg, 0.077 mmol) were dissolved in CDCl3 (0.55 mL). 
1H NMR spectra were 
collected 0.5 h after S10 and S6 were mixed at room temperature when equilibrium was 
reached/peaks integral stopped changing (Figure C7). Concentration of each species was 
calculated based on the integral ratios of the 1H NMR signals and the initial concentrations of S10 
and S6. The equilibrium constants were calculated as )][]([][ eqeqeq321 6S10S/11S** K .  
 
Figure C7. 1H NMR spectrum of the mixture of compound S10 and S6. Peaks are assigned to 
each compound. The spectrum was taken 0.5 h after S10 and S6 were mixed. Binding constant 
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Figure C7 (cont.) K1*2*3 was determined as )][]([][ eqeqeq321 6S10S/11S** K  
-1-1 M180M)03300180(1070    ../.  
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3-Isopropenyl-α,α-dimethybenzyl isocyanate (S10, 14.1 mg, 0.070 mmol), N-tertbutyl-N-ethyl 
amine (S6, 14.3 mg, 0.142 mmol) and N-tertbutyl-N-methyl amine (S12, 8.9 mg, 0.102 mmol) 
were dissolved in CDCl3 (0.55 mL) and added to the NMR tubes. 
1H NMR spectra were collected 
15 d after mixing at room temperature after equilibrium was reached/peaks integral stopped 
changing (Figure C8). The equilibrium constant of the reaction K4 was calculated according to the 
concentration ratio of each species: )][]/([][]([ eqeqeqeq4 12S11S6S13S K . 
 
Figure C8. 1H NMR spectrum of the mixture of compound S10, S6, and S12 (and the 
produced compound S11, S13). Peaks are assigned to each compound. The spectrum was taken  
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Figure C8 (cont.)15 d after mixing. The region containing peaks G, G’, J and J’ for the calculation 
of the concentration of each species is zoomed in. )][]/([][]([ eqeqeqeq4 12S11S6S13S K = 6.8. 
139 
 
 
3-Isopropenyl-α,α-dimethybenzyl isocyanate (S10, 10.1 mg, 0.050 mmol), N-tertbutyl-N-methyl 
amine (S12, 8.0 mg, 0.092 mmol) and N-isopropyl-N-ethyl amine (S14, 8.3 mg, 0.095 mmol) were 
dissolved in CDCl3 (0.55 mL) and added to the NMR tubes. 
1H NMR spectra were collected 15 d 
after mixing at room temperature after equilibrium was reached/peaks integral stopped changing 
(Figure C9). The equilibrium constant of the reaction K5 was calculated according to the 
concentration ratio of each species: )][]/([][]([ eqeqeqeq5 14S13S12S4 K . 
 
Figure C9. 1H NMR spectrum of the mixture of compound S10, S12, and S14 (and the 
produced compound S13, 4). Peaks are assigned to each compound. The spectrum was taken 
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Figure C9 (cont.) 15 d after mixing. Here, no peaks for S13 were observed. By integrating area 
of 2.83 ppm ~ 2.89 ppm where peak G for S13 should be, we have 
)][]/([][]([ eqeqeqeq5 14S13S12S4 K > 840. 
 
So, for urea 4, 
6
54321eq 1001  .**,4 KKKK M
-1 
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Determination of binding constant of urea 5  
 
We already have the binding constant for 2:
4
321eq 1017  .,2 KKKK M
-1 
 
 
Cyclohexylmethyl isocyanante (S1, 14.1 mg, 0.101 mmol), N-tertbutyl-N-ethyl amine (S6, 11.3 
mg, 0.112 mmol) and N-tertbutyl-N-methyl amine (S12, 8.1 mg, 0.093 mmol) were dissolved in 
CDCl3 (0.55 mL) and added to the NMR tubes. 
1H NMR spectra were collected 15 d after mixing 
at room temperature after equilibrium was reached/peaks integral stopped changing (Figure C10). 
The equilibrium constant of the reaction K4 was calculated according to the concentration ratio of 
each species: )][]/([][]([ eqeqeqeq4 12S26S15S K .  
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Figure C10. 1H NMR spectrum of the mixture of compound S1, S6, and S12 (and the 
produced compound 2, S15). Peaks are assigned to each compound except for the protons in 
cyclohexyl group. The spectrum was taken 15 d after mixing. The region containing peaks C, C’, 
G and G’ for the calculation of the concentration of each species is zoomed in. 
)][]/([][]([ eqeqeqeq4 12S26S15S K = 5.7. 
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Cyclohexylmethyl isocyanante (S1, 9.4 mg, 0.068 mmol), N-tertbutyl-N-methyl amine (S12, 7.2 
mg, 0.083 mmol) and N-isopropyl-N-ethyl amine (S14, 8.1 mg, 0.093 mmol) were dissolved in 
CDCl3 (0.55 mL) and added to the NMR tubes. 
1H NMR spectra were collected 41 d after mixing 
at room temperature after equilibrium was reached/peaks integral stopped changing (Figure C11). 
The equilibrium constant of the reaction K5 was calculated according to the concentration ratio of 
each species: )][]/([][]([ eqeqeqeq5 14S15S12S5 K .  
 
Figure C11. 1H NMR spectrum of the mixture of compound S1, S12, and S14 (and the 
produced compound S15, 5). Peaks are assigned to each compound except for the protons in 
cyclohexyl group. The spectrum was taken 41 d after mixing. Here, no peaks for S15 were  
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Figure C11 (cont.) observed except for a very weak peak D as shown in zoomed in picture. 
)][]/([][]([ eqeqeqeq5 14S15S12S5 K > 1130. 
 
So, for urea 5, 
8
54eqeq 1001  .,2,5 KKKK  M
-1 
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Figure C12. Dissociation rate of urea 2. i) 1H NMR spectrum of the mixture of compound 2 (6.2 
mg, 0.026 mmol) and S16 (10.1 mg, 0.102 mmol, and the produced compound S1 and S17) in 
CDCl3 (550 μL). The spectrum was taken 30 min after 2 and S16 were mixed at 37oC. Peaks are 
assigned to each compound except for the protons in cyclohexyl group. ii) 1H NMR spectra 
showing exchange reaction between 2 and S16 at 37oC. The rate of consumption of 2 was used to 
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Figure C12 (cont.) calculate the dissociation rate with the following equation: 
h 0.5
0.91ln 
T
][
][
ln
0
1 
2
2
-k = 0.19 h
-1 (T: reaction time, peak A’ used for the calculation overlapped 
with background noise in the same range, which has been deducted in the calculation) 
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Figure C13. Dissociation rate of urea 3. i) 1H NMR spectrum of the mixture of compound 3 (7.4 
mg, 0.032 mmol) and S16 (11.9 mg, 0.120 mmol, and the produced compound S7 and S17) in 
CDCl3 (550 μL). The spectrum was taken 30 min after 3 and S16 were mixed at 37oC. Peaks are 
assigned to each compound. ii) 1H NMR spectra showing exchange reaction between 3 and S16 at 
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Figure C13 (cont.) 37oC. The rate of consumption of 3 was used to calculate the dissociation rate 
with the following equation: 
h 0.5
0.91ln 
T
][
][
ln
0
1 
3
3
-k = 0.19 h
-1 (T: reaction time) 
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Figure C14. Dissociation rate of urea 4. i) 1H NMR spectrum of the mixture of compound 4 (8.3 
mg, 0.029 mmol) and S16 (9.6 mg, 0.097 mmol, and the produced compound S10 and S17) in 
CDCl3 (550 μL). The spectrum was taken 16 h after 4 and S16 were mixed at 37oC. Peaks are 
assigned to each compound. ii) 1H NMR spectra showing exchange reaction between 4 and S16 at 
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Figure C14 (cont.) 37oC. The rate of consumption of 4 was used to calculate the dissociation rate 
with the following equation: 
h 16
0.88ln 
T
][
][
ln
0
1 
4
4
-k = 0.008 h
-1 (T: reaction time)
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Figure C15. Dissociation rate of urea 5. i) 1H NMR spectrum of the mixture of compound 5 (6.4 
mg, 0.028 mmol) and S16 (8.3 mg, 0.084 mmol, and the produced compound S1 and S17) in 
CDCl3 (550 μL). The spectrum was taken 250 h after 5 and S16 were mixed at 37oC. Peaks are 
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Figure C15 (cont.) assigned to each compound except for the protons in cyclohexyl group.  ii) 1H 
NMR spectra showing exchange reaction between 5 and S16 at 37oC. The rate of consumption of 
5 was used to calculate the dissociation rate with the following equation: 
h 250
0.79ln 
T
]
][
ln
0
1 
[5
5
-k
= 0.0009 h-1 (T: reaction time) 
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Figure C16. Hydrolysis of urea 1. Peaks are assigned to each compound. The spectrum was taken 
24 h after dissolving in mixture of d6-DMSO and D2O (v(d6-DMSO):v(D2O)=5:1) at 37 
oC. The 
region containing peaks G, G’ for the calculation of the percentage of hydrolysis is zoomed in. 
The percentage of hydrolysis was determined as 58%. 
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Figure C17. Hydrolysis of urea 2. Peaks are assigned to each compound except for the protons 
in cyclohexyl group. The spectrum was taken 24 h after dissolving in mixture of d6-DMSO and 
D2O (v(d6-DMSO):v(D2O)=5:1) at 37 
oC. The region containing peaks C, C’ for the calculation of 
the percentage of hydrolysis is zoomed in. The percentage of hydrolysis was determined as 85%. 
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Figure C18. Hydrolysis of urea 3. Peaks are assigned to each compound. The spectrum was taken 
24 h after dissolving in mixture of d6-DMSO and D2O (v(d6-DMSO):v(D2O)=5:1) at 37 
oC. The 
region containing peaks D, D’ for the calculation of the percentage of hydrolysis is zoomed in. 
The percentage of hydrolysis was determined as 55%. 
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Figure C19. Hydrolysis of urea 4. Peaks are assigned to each compound. The spectrum was taken 
24 h after dissolving in mixture of d6-DMSO and D2O (v(d6-DMSO):v(D2O)=5:1) at 37 
oC. The 
region containing peaks F, F’ for the calculation of the percentage of hydrolysis is zoomed in. The 
percentage of hydrolysis was determined as 10%. 
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Figure C20. Hydrolysis of urea 5. Peaks are assigned to each compound except for the protons 
in cyclohexyl group. The spectrum was taken 24 h after dissolving in mixture of d6-DMSO and 
D2O (v(d6-DMSO):v(D2O)=5:1) at 37 
oC. No detectable hydrolysis was observed. 
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Figure C21. 1H NMR and 13C NMR spectra of poly(6/9) 
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Figure C22. 1H NMR and 13C NMR spectra of poly(7/9) 
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Figure C23. 1H NMR and 13C NMR spectra of poly(8/10) 
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Figure C24. 1H NMR and 13C NMR spectra of poly(6/10) 
E
C
A
D
B
A
B
C
D
D
E
162 
 
50 100 150 200 250 300 350 400 450
0
20
40
60
80
100
 poly(6/9)
 poly(7/9)
 poly(8/10)
 poly(6/10)
W
e
ig
h
t 
ra
ti
o
 (
%
)
Temperature (oC)
 
Figure C25. Thermo gravimetric analysis (TGA) of linear polymers. 
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Figure C26. Differential scanning calorimetry (DSC) of linear polymers. Second heating curve 
from -50 oC to 175 oC were shown. 
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Figure C27. Water degradation of poly(6/9). GPC curves from light scattering detector showing 
water degradation of poly(6/9) after incubation in DMF (containing 5% water) at 37 oC for variant 
time intervals. 
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Figure C28. Water degradation of poly(7/9). GPC curves from light scattering detector showing 
water degradation of poly(7/9) after incubation in DMF (containing 5% water) at 37 oC for variant 
time intervals. 
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Figure C29. Water degradation of poly(8/10). GPC curves from light scattering detector 
showing water degradation of poly(8/10) after incubation in DMF (containing 5% water) at 37 oC 
for variant time intervals. 
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Figure C30. Water degradation of poly(6/10). GPC curves from light scattering detector 
showing water degradation of poly(6/10) after incubation in DMF (containing 5% water) at 37 oC 
for variant time intervals. 
 
